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I ABSTRACT

This report describes the analyses of several piezoelectric and pure

elastic surface wave propagation problems and computer programs which

implement their numerical study. In addition, the formal analysis of an

electric current line source located above a piezoelectric crystal half space

is presented in some detail.
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I. INTRODUCTION

This report describes the analyses of several piezoelectric and pure

elastic surface wave propagation problems and computer programs which

implement their numerical study. In addition, the formal analysis of an

electric current line source located above a piezoelectric crystal half space

is presented in some detail.

The physical configurations of the propagation problems considered in

the sequel are shown in Figure I and are enumerated below:

(1) Surface wave propagation on a piezoelectric half space in the

presence of an infinitesimal electric or "magnetic" conductor

located at an arbitrary but fixed distance h above the crystal

surface.

(2) Surface wave propagation on a piezoelectric or pure elastic

half space contiguous to a perfect isotropic elastic conductor

(e.g. gold or aluminum) of arbitrary thickness h.

(3) Surface wave propagation on a piezoelectric or pure elastic

half space contiguous to a perfect fluid half space.

(4) Surface wave propagation on a piezoelectric or pure elastic

half space contiguous to an isotropic elastic layer of arbitrary

thickness h.

The following section contains the details of the analyses of the propagation

problems described above including special degenerate cases which are

encountered. These cases correspond to conditions of surface wave

propagation wherein one or more components of displacement vanish or the

electric and mechanical fields become decoupled (in the general piezoelectric

case the surface wave contains all components of displacemcnt and is coupled

via the piezoelectric constants to the electric field). In practice degenerate

cases have been found to occur when the sagital plane lies either in a plane of

symmetry of the crystal under consideration, in the basal plane of crystals of
class 6 mm, or in the principal plane(s) of cubic crystals.
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infinitesimally thin perfect electric or
"magnetic" conductor

(h vacuum

piezoelectric crystal half-space
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isotropic dielectric
(4) property

piezoelectric or pure elastic crystal half-space

Figure 1
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The t~ird section presents an outline of the analysis pertaining to

the excitation of surface and bulk wave by an electric current line source

located above a piezoelectric half space. This problem was originally under-

taken as an approach to the study of interdigital electric transducers but was

ultimately abanconed due to lack of funds and the fact that inordinant amounts

of computation would be required to extract useful data regarding the efficiency

of excitation of surface waves.

Finally, Section II provides detailed descriptions of the computer

programs written to implement the numerical analyses of the surface wave

propagation problems described in Section JI. The material presented In this

section provides the reader with sufficient information for the use of the

computer programs and the comprehension of the programming methods

employed therein. Source deck listings for the various programs are alsoIprovided.



II. PROPAGATION OF SURFACE WAVES ON PIEZOELI -Tft.i(,S T'R[J S- - ",

I. Surface Waves on Piezoelectric Crystals in the Piiesence 6f-iifinlt S~i! . " • ''.

Thin E lectric and "M agnetic" Conductors . . . .. .. . ... ... ",

In this section the re'" ,mal analysis is presented for theoprpagatifi, ,

characteristics of surface waves on a general piezoelectriC..crystai-.stikoa: -: -

in the presence of perfect electric and "magnetic" conductors. elgeo0m~iibs :

under consideration are depicted in Figure 2.

A rectangular coordinate system is chosen with the x3,aiis,normdtttib.

crystal surface and the x1 axis in the direction of propagation.. Abitik,

orientations of the crystal surface with respect to the crystal- ak 's #a

considered. This is accomplished by means of a coordinate rotatlionh throuh,

the Euler angles from the crystal axes to the desired x,, x2, x3 codinat&

system. The matrix defining such a rotation is given by
Cos a cos y - sinacos sly slnacos+cosacossin-y .'snq ....T

V = -cos a siny - sino acos 0] cos y -sina siny + cosc acos 0 cosy sin,0dOS -}'

sina sin P -cos o sin 0Cos /0

where a, 0, and y are the Euler Angles. Since the Xl, X2. x3 coordinate system-

is relative to the crystal surface and direction of propagation, the form of the

differential equations for the mechanical displacements and electric potential s

in this coordinate system is independent of the surface under consideration.

Only the values of the coefficients change with the surface orientation relative

to the crystal axes. This is also true of the boundary conditions. Different

cuts are thus distinguished only through the transformed tensor quantities

involved in coefficients of the differential operators.

in terms of the Euler transformation matrix V, the tensor quantities of

interest; viz. the elastic constants (C ijk) , the piezoelectric constants (e ijo)
and the dielectric constants ( ij ) are transformed as follows:

3c' vir vs (9 )

ik r, s, t, u=1 rt

3

ilk r, t~ ir v is V kt e r s t  3 2

r, St
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3= i V. V. £r (3)ci- r ir js rs

where the primed quantities refer to a rotated coordinate system and the

unprimed correspond to the coincidence of the x1x2x3 coordinate system and
the crystal axes, i.e., when V is the identity matrix. The elastic and piezo-

electric constants can be reduced to 2 index symbols in the usual fashion, viz.
C C and eij, e. where p or q = 1, 2, 3, 4, 5, 6 are equivalent toijkt q ij' l

11,22,33,23, or 32, 13 or 31, and 12 or 21 respectively.

The differential equations for the components Ui, i = I, 2, 3, of the

mechanical displacement and electric potential CP are given by

C' +e' ip P U. j= 1,2,3
ijk Uk ki kO, kij >x3 > 0 (4)
ikt Uk, u ik IO ki = 0

V2P = 0 -h s x 3 90 5

In the above equations, indices preceded by a comma denote differentiation with

respect to space coordinates. The summation convention for repeated indices
is employed as is the dot notation for differentiation with respect to time.

As indicated above, the 3urface waves under consideration are assumed to

be traveling in the x1 direction along a surface whose normal is in the x3

direction. The displacements and potentials are considered to be independent

of the x2 coordinate. Consequently, traveling wave solutions of the form

-autx3/v s  ju~t-Xl/V s)

Ui e e

and

-auwx 3 /v s iW(t-xl/vs)

C= 4 e e

are sought. When these surface waveforms (as identified by an exponential
decay into the crystal) are substituted into the differential equations for x3 >0

a linear homogeneous system of four equations in the unknowns 0' 02' 03' 4
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results. The determinant of the coefficients of the unknowns in these

equations must be zero in order that a non-trivial solution exist, that is

2 2C5 5'L +2C1 5jL C4 5
2+ [C 14 +C 5 6 Jaj i

-C V2 2C

C4 5a2 + [C 14 +C 5 6 j C4 4 2 + 2C4 0

det C3 5 2 + [C 13 + C5 5 ]j C342 + [C3 6 +C 4 5 Jc I
-c15 - C56

e3 5a2 + Ee15 +e 3 11 ja e3 492 + [e 14 
+ e36 ]ja

ell - e1 6

(6)

I c35 2 + [C13 +C55 ]ja e3 5 2 + Ee15 + 31]Ja

I - C15  el,

SC342 + [c36. C 45IJa 342 + [e14 + e361Ja

.C 5 6  -16

I C33
2  + 3 5 J -

2 + Ee 13 + e35 ja 0

C + PV - e5

Ie33 2 + le13 + e35]Ja 332  2c13 ja
Sel5 + C 1l



~9

I -Evaluation of the above determinant results in an eighth order polynomial in
a of the form

Asd8+ JA7c7 + A 6 6+ jAs5+ A4 aJ 3 -3- A22-j1 J a AO = 0 , (7)

with the coefficients An, u = 0, 1, ... ,8, purely real. Since the fields must be

bounded, or go to zero as x3 - c, only the roots with non-negative real parts

are allowed. If the unknown in equation (7) is considered to be ja instead of a

then the polynomial in ja has purely real coefficients. Thus, either the roots

ja are real or occur in conjugate pairs, e.g.

j = a +jb

ja 2 = a - jb

whence

Ca1 = b - ja

a 2 = -b- ja

Therefore, the roots a are either pure imaginary or occur in pairs with

positive and negative real parts.

In the range of velocities where generally surface waves can exist (i .e.

velocities below the lowest bulk wave velocity in the direction of propagation

under consideration) the roots occur such that four with positive real parts

can be selected. However, if for a given velocity four such roots are not

found the possibility of the existence of a degenerate* surface wave remains and

must be considered. These special waves are discussed in detail in the section

on degenerate cases. Upon obtaining the admissable values of a, corresponding

values of 0i (to within a constant factor) can be found for each a.

In addition to the equations for x3 > 0, the differential equation (5) for

-h x3 - 0 must be satisfied together with appropriate boundary conditions at

= 0 and x3 = -h. Assuming that the crystal surface is stress free

(T3, = 0 at x3 = 0), the mechanical boundary conditions at each point of the

surface of the crystal are

*The term degenerate is used to signify that certain components of displacement
and/or the electric potential vanish identically.
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3j x3=0 Cjkt Uk, + k3j°, kx3 =0 (8)

j =1,2,O

For the electric wall case (Figure 2a) the boundary conditions on the electric

potential are the continuity of CP at x3 = 0 and, without loss of generality,

cp(-h) = 0. Also the normal component of electrical displacement must be

continuous across the surface of the crystal.

The total fields (mechanical displacement and potential) may be expressed

as a linear combination of the fields associated with the admissible values of a

for x3 > 0, namely,

4 e-a) wx3/vs jw(t-x/v)

= S( e , i - ,2,3 , (9)

4QX w 3 /V s jw(t-xI/v S)
cp = B"0(e e (10)

In the region -h < x3 
< 0 the potential is a solution of Laplace's equation

(5). A solution satisfying the continuity condition at x3 = 0 and vanishing at

x3 = -h is

c 14 B(J )  csch( h) sinhj-(x3+h)) eJw(txI/VS)

4 v (11)

-h !x 3 <0

Finally, the normal component of D(viz. D3) must be continuous across the

surface x3 = 0. Inside the crystal the electrical displacement is given by
-0

D i = elkt Uki - Cikp, ,(i = 1,2,3), while in the region -n < x3 < 0, D= "%VCP"

Substituting the waveforms (9), (10) in equation (8) and expressing the

continuity of D3 at x3 = 0 in terms of equations (9), (10), and (11) yields the

following set of homogeneous equations for the amplitudes B(t) , namely,
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4a ,+ ) C j s + 56+ [C ,C 4s5 1, + [jC55+OCt 35

+0 4Lje 15 +a( a) e 35]B ( t) = 0

+ P) C I + o(-)jC + e + EiC +

3 4 5 2 444 3 435 34

+ W( ' ) [Je3 + J' ) e3] B(t) = 044

4 143 34

')C31] + [e34 [35]+ ) 36 e( Je33
L 3 3 z36+s(e

coth (15)

The transcendental equation obtained by setting the determinant of the matrix

() of coefficients of this system equal to zero determines tie surface wave

velocities.

In the limiting case (h -. 0) the region -h ! x3 : 0 disappears and the

boundary conditions on the electric potential and normal component of

displacement in the crystal are replaced by cp(O) = 0. In this case equation (15)

above reduces to

4
S B(t)=O (16)

In addition to the electric wall problem, the magnetic wall case

(Figure 2b) also has been considered. The only change in the formulation of

this problem is the boundary condition at x = -h. In this case the solution for

the potential in the region -h x3
< 0 assumes the form
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4 B("W' s ch(+t) cosh( -(x 3 +h)) e iwtx 1/vS) (7

This function satisfies the condition that the normal component of electrical

displacement ()3) vanish at the magnetic wall x3 = -h.

Equation (15), the continuity of D3 at x3 = 0, is modified for the magnetic

wall case by replacing coth(h/vs)with tanh (uh/Vs). Otherwise the equations

(12)-(15) remain unchanged. The limiting case h -. 0 requires no special change

as it did in the electric wall case since the continuity condition on D3 at x3 = 0

now simply becomes D3 = 0 and D 3 x- tanh (ut/vs) (outside the crystal),

which goes to zero as h - 0. Thus "Wuation (15) with the tanh (dh/vs) term needs

no modification for the limiting case.

Once a surface wave velocity has been found the partial field amplitudes

BUi , j=1, 2, 3, 4 may be calculated to within a constant factor. Consequently, B(4)

is chosen as unity (except for certain degenerate cases described later) and B~l) ,

B(2) ," B(3 ) are found from equations (12)-(14). These amplitudes are used to

evaluate the displacement components (eq. (9)), electric potential (eq. (10)), the

components of stress, strain, electric displacement, electric field, and the time

average power flow as functions of wx3 . The explicit forms of the components of

the aforementioned physical quantities are:

Stress

Til"  4 ] B(. ) e- a(,,) Ut P S3/vs e jut-xl/Vs) (t) C - 2 V')

W =" 1 [v s ("3. 11  vC1

+~~ ~ 2 [-1 v~l4 -3~c1 j

T1  T2 _ 4 -a) wx3 /v .jw/t-x /V) 1
L =- e d sC16-s 56]

" 66 046] 3 L)[V C56- 36] + 4 16 V 36]

C66- V s
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31 N'B , e (uix /V jat-x1/v5) 1 !v 1 (
- = U LSL = 3t e i v 1-v 55J

[:L -C -- c 5 +0"'-lc 22(c C3 +o +
2 v56v 7L- 45 3 55LS5 4 5v 3

L S S LSs

T = wxcLvs juwc3 /v w tX/ 5 )(j Ls

+ O~oUc CL.- + 0(0 :1 C c ~ t - 12e ~

T323  T 24 -ci-t) uxv ej'~'" x' /v)[ c a(,-
wi BL.t e 14 s 45135

S 4 ~ / iLI 3t-x /V t- 1/
33-!= Be" e- 3S ~ C 3C3

W &~i V5

4~;iL (ZI ~ - x t( 3 /V j(t-x1 !v)e e
VSf
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"-- 12 s- 21 4- /v B
a

'
t

')  
/ve

S- = - I s B1 s/
vs " w 2 e

" = '~sX l B( ) [.:()wVas-O eJxt'xs/VS)=v_,L

w 2 2{ ~ ~~ ~~ =~A e 1s e ~~~v

1  . 4 at

23 32 1 S32 B( 4 OWN wx3 /v e je(t)x3/v)
* ' w 2 V 2 e

Electric Field

B 4 e ( x)3/Vs a(txl/VS)B't) At) e e

E3C1 4 ~ C t) x3 /v sJ(L(tX1 /v)

D= 4
w 'B e Ls e

Electric Displacement

D_ 4 I i t-x /v)c()
B(t.) e eu3 sj[ vs e,- 1,

e13-] . vjl3J)
15 VS

2 1 )  
36 V eis-x v 5  2 j 4 

B(C.V 
13]

"D 4 B(¢) e "1t(*(w3/vs Je(txi/Vs) c( e "e

w 
-2 V 135

+ee e e3 4__ _ e V(
* V s e26" vs 24'] + 0 3s " 5 e323 4 2 e 23])33

S

D 3 4-OP ) uJX / vs (* -X / vS
B~t) e 0(t) e 31 V sI35
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Power Flow

The flow of complex mechanical power at any point in the piezoelectric

4 
• medium is given in component form as follows:

P4 = Y1

The real part of this expression represents the time average power flow at a

point.

Since all fields decay exponentially in the x3 direction there is no net flow

of real power in this direction. Thus, only P1 and P2 need be considered.

The components of the total time-average power flow are as follows:

t f Re EP Idx =Re [Pt

t ot
p2 = Re EP2 ]% =Re J

where Re [P ] means the real part of P 1 2" The final expressions for the
1t t

complex mechanical power flow PI and P2 are

_ 1 4 4
2 - v1 1 B (k) r* ( t C-T2 E =I[a(-)+ c*(k)]

+ ow t)(C16 "jaj)C 14 )+C)(C15 -ja'()C1) + 0t)(e1l-ja(t-)e)

+ -tk) [B) (C jO C56) + )kC66 Jc '°c 46 )+ 3 (csoJt 3)%

+ (t,) (e,,- ja( ) e
4 16 e3 d]

*(k) [~)() +g' -
+ 1 is 5C5-j256 C5) + 03t)C 55- jc$'t)C35)
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S2+ I"'

+ 02 (C 6 6 -) [)C 4 5 + 03 )(C5 6 "j(X)C36) + 0(4)(e25"Ja()C3)

+ + t)(2-ja'(-e3c2 )_

"+k2 [V)(C14.ja(")C450 + 0 ,(C46_Ja(")C44) + 0( )(C45.Ja 2)34)
+ )++ 4 (e 12 -ja()e 3 2)]

+03) E 4- C OC4 + 0(t(C46 )C(44) + 03()(C4(04 +44

14 (e1 4 _jct e 3 4 )

The flow of electromagnetic power (Poynting Vector) in a piezoelectric

medium requires a knowledge of the magnetic field as well as the electric field.

It is a common belief (although an incorrect one) that the complex Poynting vector

E x H* reduces to CP* when the electric field is approximately derivable from a

scalar potential function eP. This mistaken notion is based upon the following

derivation for energy flow out of a closed surface.

Maxwell's equations are as follows for fields derivable approximately

from a scalar potential function (i.e. where E = -Vq) in a non-conducting

medium.

Vx =-- = 0 V.B 0

VxH =- D D 0

Now the flow of power out of any closed surface with a surface normal

element ds is

IIP = .1 i IH * I

but JIT (E (xH* dv -d
P 2S

but .

S xH*) - ds=fff V
S V



r

* y-..1-7

t followsthat

Fur~thatr

V . (qPf*) V4)p. D* +cpT (D)VTy

may b used to infer that

V ffv (E xH*) dv~ 1ffv (CD*dvI: V

Therefore

] This equation states that the surface integral over a closed surface of E x W* is

equal to that of (pl5* or alternately that V o (E x H*) = V - (cpD*) consequently

E x H* = cpJ& + A where Xis some vector whose divergence is zero (V.- A = 0).

It seems a natural assumption to assume that A = 0 and that E x H* = 3 *
However, this is not necessarily so as an illustrative example from electro-

magnetic theory shows.

Consider a surface wave propagating in the free space region

Sheet
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A solution of the following form will exist.

- 9 -32 k

H=e j [ x e 0
z

V02_ k2 0

E = Hz

E - H
y wie z

The wave impedance of this wave is

x +j w- 2

Z = Hz~ = ac O

z

Assume an impedance sheet with surface impedance jXs . Then we find

we =Xs

detei: ining the value of . If k° << $ (low frequency limit) then we have

and tdk field quantities assume the form

Hz w e j ox e" y

Ex = j-L Hz  and Ey- H

This is the quasi-static case (ko << P) and an approximate expression for the

electric field is derivable from a scalar potential. Indeed, the scalar poteutial

may be take", to be

H -jx e-By

we we

with the result E "-V0.

For this approximation the x component of the Poynting vector (E x H*)

Ii



19

reduces to N = E y H* = s/we e 2 13 whilex y z

H

e -2 y

and clearly N $ cpD*.

Summing up, the electromagnetic power flow (E x H*) at any point

requires a full solution of Maxwell's equations and cannot be obtained from

the scalar potential method. Only the total power flow out of a closed surface

can be obtained from the scalar potential method since

E xH*' dTa:=4C *

where S is closed. A more thorough investigation into the electromagnetic

power flow will be taken up during the transducer study part of the study. For

now it can be said that the electromagnetic power flow is expected to be much

srmaller than the mechanical power flow based on computer runs where CPD* was

used as an order of magnitude estimate of the Poynting vector.

2. Surface Waves on Non-Piezoelectric (Pure Elastic) Media

Surface wave propagation on a free surface of a non-piezoelectric elastic

medium can be accounted for by appropriate modifications of the foregoing

analysis. In this case the piezoelectric constants eijk are identically zero and

the electric field and mechanical displacements are decoupled. Consequently,

the fourth order matrix appearing in equation (6) reduces to the third order

matrix obtained by deleting the last row and column. Subject to this modification
equation (7) reduces to a sixth order equation in a which in general will have

three roots with positive real parts. The boundary conditions at the free surface
are given by equation (8) with the coefficients ekj -0. l~aasmuch as there is

no coupling to an electric field the additional boundary conditions applicable

thereto are unnecessary.
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The relative amplitudes of the component of displacement 0(k, k = 1, 2,3

are evaluated for each av') with positive real part in a manner identical to that

used in the general piezoelectric case. Upon evaluation of these quantities

the boundary conditions are invoked and the equations (12-14) result with the

piezoelectric constants equal to zero and the sums only over the indices

1, 2, and 3. The characteristic equation for the determination of surface wave

velocities again obtains from the condition that the determinaut of the matrix

ccefficients associated with the linear system (12-14) vanishes.

The stresses, strains, power flow, etc. may be calculated as before by

using the appropriate evaluations of k = 1, 2, 3, B k), k - 1, 2, 3 and setting

the 04's, A ). and etp equal to zero in the equations for these quantities given

previously. i

3. Degenerate Cases - Piezoelectric Medium

The rhodes of surface wave propagation described as degenerate cases

arise when the four coupled partial differential equations (4) which govern the

mechanical components u1, u2 , and u3 and the electric field (via a scalar

potential yp) reduce to two independent sets of coupled equations, assuming

traveling wave motions independent of the coordinate normal to the sagital

plane.

With the coordinate system chosen assuming no variation in the x2

direction, the equations of motion (4) for the displacement components and

potential may be written in the operator form (assuming ej  time dependence)

LI UI1 + L12 U2 + L13 U3 + L 14 P = 0

L21U 1I + L 22 U2 + L 23 U3 + L 24 P = 0

L3 1 U1 +L 3 2U 2 + L33U3 +L 3 4cp=0

L41UI +L 4 2U2 +L 43 U3 +L 4 4 P= 0

where
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L C 2 22 + 2 2
L = C55 'x3 215 Tx3 axl ICl-l +2

x3 31 o

a 2  62 32
L =L- +(C +C

12 21 52 1 4 25 6 ) - 2 C 1 6+

L1 3 313 1~ 166

C ± 2  32 52

L 13L41 35 -- +(C 13 +C5 5 ) C-x 3 -+C
3  C1

L2 52 _2

L233 2 =C 4  2 4  ~~. + C36 5 - +Cp 5x-x 3

14 L + e 2

L23=L4 2 = c3 4 -i +(C1 3 6 ) ) - e6 1
L43 1 3 3 5 x32 + (eC 5  + C1) 3 "a + 5 2bxI

L2 22 2L2 + a + c+ p

-22cce' 466

3 x I

2 2 2 2

L33 - -+C - +

23 3 3 5 (C6 45 x3ox 56 a+

32
~2 ~22

3 L 4 L 3 -+( 1 3 +e +e24 42 L34 3 2 14 36) x 3ax 1 5 16 a
33 1

LL 2C b2 2

x3 3 1x x

2 2 2
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The elastic cij, piezoelectric Ci, and dielectric Pij constants refer to the

transformed (from the crystal coordinate system) quantities and are represented

in terms of the abbreviated double subscript notation.

If the elastic and piezoelectric constants are such that the operator matrix

ELij I i,j=l, 2,3,4 is appropriately sparse, the equations (1) decouple and the

possibility of degenerate cases is encountered.

For example, in the case reported by Bleustein ( 4) the elastic and

piezoelectric constants are such that L 12 = L 23 = L3 4  0 and the equations

of motion decouple into two independent systems; one system governing u2 and ep

and the other characterizing the behaviors of u1 and u3 . This is an example of one

of the two general degenerate cases which has been found to exist for a number

of crystals on particular cuts and directions of propagation.

A second degenerate case which also has been reported and which

appears with some regularity is manifest by the conditions L12 = L 2 3 L 0.

In this case the equations of motion decouple into a coupled system of partial

differential equations for the displacement components u,, u3 and the potential

(p, and a single partial differential equation for the displacement component u2 .

This particular degenerate case has been studied extensively for surface wave

propagation on the basal plane of hexagonal crystals'' and it has been shown that

a surface wave solution with the displacement component u2 alone cannot exist.

It should be noted that the latter observation carries over to the general case, *

independent of the crystal class, surface cut, and direction of propagation.

There are other degenerate cases that can be considered. For example,

L1 2 =L 1 3 =L 1 4 -0

or

I L31=L32 =L34- .

These cases were considered in the analysis leading to the present study but

numerical examples of these cases have not been found.

The conditions L41 = L42 = L43 0 lead to a complete decoupling of the

electric and mechanical fields and has not been found to occur for surface wave

propagation on specific surfaces of any piezoelectric crystal considered thus

far.
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The occurrence of degenerate cases can also be described in terms of the

linear equations for the relative amplitudes, O, ' = 1, 2, 3, 4, of the mechanical

displacement and electric potential. The determinant of the coefficients of this

system of equations is given by equation (6), wherein the elements of the

determinant correspond to evaluations of the operators L.. withij
W MU

- T and ax

For the sake of the following discussions let the linear system of equations

for the determination of the O's be denoted

4
_l ~ =0 , i= 1,2,3,4 . (18)

The possible combinations of the elastic and piezoelectric constants which

caused the equations of motion to decouple lead to the decoupling of the linear

equations in the exact same fashion. Inasmuch as the linear equations (18) are

employed in the numerical analyses, the various cases of decoupling are discussed

again in more detail below.

The following degenerate cases have been found to exist and are

accounted for in the computer program which implements the numerical

analysis. They are denoted by representing the matrix A (=A [i&di, t-=I, 2, 3,4

with its appropriate zeros displayed, viz.,

A1 1  0 A1 3  A A11  0 A 0
113 14 11 13

0 A22 0 0 0 A22 0 A24
Case (1) Case (2)

A13  0 A33  A3 4 , A 0 A 0
133 413 A33

A1 4  0 A A 44  0 A 0 A
14 34 4 24 0 44

In Case (1) we note that 2 decouples from , 3 and The determinant of

is zero if A22 = 0 (as a function of a) or if the determinant

Al 13 14

Al= A13 A33  A34  =0

A A A
14 34 44
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The condition A2 2 = 0 leads to a quadratic equation in a. If A2 2 = 0 the system

of equations yields a solution 0, = 03 = 04 = 0 while 02 can be chosen as an

arbitrary constant.

If A1 = 0, giving a sixth order equation in a, the system of equations

requires a solution 02 = 0 while either 0l, 03, or 04 may be chosen arbitrarily

and the remaining two O's calculated from any two of the three equations not

involving A2 2 .

In case (2)we note that 0, and 03 decouple from 02 and 0. The

determinant of A goes to zero if the determinant

A All A 13
A2=0

A13 A 33

or the determinant

A 22 A 24
A3 = 0

A24 A44

Both the equations A2 = 0 and A3 = 0 lead to quartic equations in a. If A2 =0

the system yields the solution 02 = 4 = 0 while or 3 may be arbitrarily

chosen and the remaining 0 calculated from either the first or third equation

of the system. If A3 = 0 the system yields the solution 01 = 03 = 0 while
02 or 04 may be arbitrarily chosen and the remaining 0 calculated from either

the second or fourth equation of the system.

Let the coefficients of the amplitudes B( t (equations (12)-(16)) be

considered elements of the matrix . In case (1) C takes the form
; ]0 L2 L3 L4

0 1 2 L 1 3 L14

L 0 0 0

0 L3 2 L3 3 L3 4

I .0 L4 2 L4 3 L44

If the determinant
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L1 2 L1 3 L 1 4

L1 = L3 2 L3 3 L 3 4 = 0

L4 2 L43  44

(considered as a function of the velocity vs) then the following solution is
found: B( 1) = 0 while 0 ) , or B( 4) can be chosen arbitrarily and the

remaining B's calculated from any two of the three equations not involving

L 2 1 . This situation corresponds to a wave with displacement components U,

U3 and potential cp and U2 is identically zero.

If L 2 1 is zero we would be led to a solution where U, U3 , and ep are

zero while only U2 would be present in the wave. However, it can be ,qhown

that L21 can not be equal to zero and therefore such a mode does not exist.*

In case (2) L takes the form

L L 0 011 12
0 0 L 23 L2 4

L 3 1 L 32  0 0

0 0 L4 3 L
43 44

If the determinant

L 11 12=0
2 LL 31 32

then the following solution is found: B(3 ) = B( 4 ) = 0 while B( 1) or B( 2) can be

arbitrarily chosen and the remaining B can be calculated from the first or third

equation of the system (equations (12) or (14)). This situation corresponds to a

wave with displacement components U1 and U3 while U and cp are identically
1 3 2

zero.

If the determinant

L2 3 L24

L4 3 L4 4

*This case was considered in detail for surface wave propagation in the basal

plane of hexagonal piezoelectric crystals by Tseng and White(7).
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then the following solution is found: B( 1) B ( 2 ) 0 while B(3 ) or B( 4) can be

arbitrarily chosen and the remaining B can be calculated from the second or

fourth equation of the system (equations (13) or (15)). This situation

corresponds to a wave with displacement component U2 and potential cp while

U1 and U3 are identically zero.

It should be noted that in paragraph 1.1 it was stated that four a's with

positive real parts can be found when in the range of velocities below the slowest

bu k wave velocity in the direction of propagation being considered. However,

in the degenerate cases surface waves may exist when there are less than four

such a's provided the appropriate a's have positive real parts. For example,

in case (1) only !ihree roots of A1 must have positive real parts for the

existence of a surface wave. The roots of A22 = 0 are not required to assume

any particular form. That is, both roots corresponding to A22 = 0 may

be purely imaginary but if three of the six roots corresponding to A1 = 0 have

positive real parts a surface wave may still exist. Similarly, for case (2)

it is possible to have a solution with only two a's with positive real parts

provided that toth of the a's come from the same equation (i.e. both come

from A2 = 0 or both from A3 = 0). An example of the latter situation has been(4?
reported in the literature and corresponds to a wave with displacement

component U2 and potential cp. It may be noted that the (necessarily)

degenerate waveforms that occur with higher velocities than the bulk waves

alluded to above appear to be the non-attenuated limits of leaky or pseudo-waves

and have been described for non-.piezoelectric crystals by Lim and Farnell. ( 5)

One further case of a peculiar nature will be mentioned here although

it does not fit into the category of degenerate cases. On a surface of a

hexagonal crystal, solutions of the algebraic equations for the decay coefficients

a(k exist which cause the minors of the last row and column of , to vanish. Since
all the minors of the elements of A are not new the rank of the determinant is

not reduced but the component 4 is forced to be zero. Thus only p 02, and

3 exist for such an a. The total wave however is not an example of a
degenerate case since the other a's are needed for a surface wave solution. This

behavior is a manifestation of the fact that one of the general bulk wave

solutions is decoupled from the electric field for all directions of propagation
in a piezoelectric hexagonal crystal.
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4. Degenerate Cases - Non-piezoelectric (Pure Elastic) Medium

For surface wave propagation in a pure elastic medium the system of

equations discussed in the proceding paragraph takes the form

3
- A~  =0 i = I2,3 (19)

I where the A are the same as in the piezoelectric case but involve only the

elastic constants (the piezoelectric constants are zero and the dielectric

constants do not enter the problem). The equation for a is now sixth order.
Generally three roots with positive real parts are required for a surface wave

solution.

Only one degenerate case occurs for a pure elastic medium. In this

case the A matrix assumes the form

/All 0 A13

0 A22  0

A13  0 A3 3

As before the condition A2 2 = 0 leads to a quadratic equation in a but

this case is of no interest inasmuch as it would lead to a solution with U2 the

only cemponent of displacement and this is impossible for the same reason as

in the piezoelectric case (viz. L2 1 cannot equal zero for the form of the decay

coefficient a required for a surface wave solution). If

1A A13
AI 1 A13

13 A33

we obtain the solution 02 = 0, l' 53 0, and either 0, or 3 can be chosen

arbitrarily with the other 0 being calculated from one of the two remaining

equations of the system. In this case the . matrix assumes the form
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0 Lo 2 L.Z

L2 1  0 0

0 L3 2  L33

and the boundary conditions can be satisfied if

LI = L1 2  L1 3  =0

L32  L3 3

The above form of the linear system requires that B( ) 0 while either B(2) or

B can be chosen arbitrarily and the remaining amplitude calculated from either

of the equations

L 2(2) + L 3B(3) =0

or

L32B( 2) + L33 ( 3) =0

This solution corresponds to a wave with displacement components U1 and U3

while U2 is identically zero, i .e., a Rayleigh wave.
24

5. Surface Wave Propagation in an Isotropic Elastic, Perfectly Conducting

Film on a Piezoelectric Substrate

An additional problem that has been considered is that of a finite thickness

layer of isotropic elastic conductor on a piezoelectric substrate. When the

displacement component wavwforms

-cawX3/v s  jut-xl/vS)U = 0i e  e , i=1,2v,3 ,

are substituted into the equations of motion for an isotropic elastic medium,

a linear system of equations for the relative amplitudes 01, 2, 3, of the

displacement components is obtained. The determinant of the system, set

equal to zero, yields the equation for the determination of he exponents Oa,

namely
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p2 _(2p+A)+Pv 2  0 jctEA+ii]

si

2 /
det 0 2 2+pvs  0 =0 (20)

2 2
j~l~ll0 (2p+ ))d - P+ V

where A, p are the Lame constants of the medium. The polynomial form of

(18) is of order six and, inasmuch as the medium is of finite thickness, the
solution corresponding to all six roots is needed to satisfy the boundary

conditions.

The assumed forms of the solutions in the piezoelectric medium with
those employed in Section 11. 1, namely,

where A, p are the Lame constants of the medium. The polynomial form of
(18) is of order six and inasmuch as the medium is of finite thickness, the solutions
corresponding to all six roots are needed to satisfy the boundary conditions.

The assumed forms of the solutions in the piezoelectric medium are identical

with those employed in Section H. 1, namely,

4 a) W 3/V juw(-x /V)Up  T , ( t) pB( t ) pe-se
pi e (21)

i= 1,2,3(4
*1~~~ -a = ~ WK3/V jw(t-x /V5 )(2

q : = -P ( ) Op ' ( t ) e p  3 s eJ tx/s) (22)

~pi

In the elastic conductor the total displacements assume the form

6 (k)6 - WX /) ec 3/v/Vk= B  ci 3 e , i=1,2,3 (23)

and the potential function is identically zero. Thus there are 10 unknown
amplitude coefficients P ) , B(k), . = I, 2, 3, 4, k = 1,..., 6 to be determined.

The boundary conditions applicable in this problem are as follows:

iO~
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C

Continuity of displacement at 0 UP(x 1, 0) = Ui (x1 , 0) i = 1, 2,3

Continuity of stress components at x3 = 0 TP (xl, 0) = T (x,, 0) j = 1,2,3

Vanishing of stress components at the
free surface at x3=-h T3j (X, -h) = 0 j = 1,2,3

Vanishing of potential at x3 = 0 qP(x 1, 0) = 0

Applying these ten conditions to the above solutions yields a system of ten

homogeneous algebraic equations in the ten unknown amplitude coefficients

A(')$ BO) . From this point the solution for surface wave velocities and field

distributions proceeds as before except that there are now ten equations instead

of (4). The explicit form of the determinant of the system stemming from the

boundary conditions is given in Appendix I. 'I
6. Surface Wave Propagation at the Interface between a Piezoelectric

Substrate and a Semi-Infinite Fluid Medium -

The physical problem considered in this section is that of a surface wave

propagating along the interface between a piezoelectric crystal and a semi-

infinite fluid. Again a rectangular coordinate system is chosen with the x3 axis

normal to the crystal surface and the x1 axis in the direction of propagation as

in the preceding problems. The fields in the crystal and fluid media are

assumed to be independent of the x2 direction. Arbitrary orientations of the

crystal surface with respect to the crystal axes are handled by means of an

Euler Transformation as before and the differential equations in the crystal

medium are the same.

The elastic properties of the fluid medium are described in terms of a I

single elastic constant X (modulus of compression); the effect of viscosity is

ignored. Consequently, the differential equations in the fluid are

U 1 1 +U 3 13 = PU1/A

U1 1 3 +U 3 3 3 = PfIi /A x 3 <0 (24)
1,13 3$3 f0
2
VcP=0
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wherein the derivatives with respect to x2 are taken to be zero in keeping with

the uniformity of the field in this direction and Pf is the density of the fluid medium.

In the crystal medium (x3 > 0) traveling wave solutons of the

form

U . -%Wx 3/Vs  jw(t-xI/V S)
U= /i e e i=i,2,3 5,)

-= t :/ v s  
j (t-x l/ v s)

4p = 4 e e

are sought and all analytical considerations pertaining to the crystal

medium are identical with those discussed in Sections II.1 and 11.2.

In the fluid (x3 < 0) the particle displacements and electric potential

are decoupled and are assumed to have the forms

-cfx 3 /v s  ju(t-x 1/v S)iU, y,¥ e e

U3 =Y3 e e , (26)

wx3/v jw(t-x /Vs )
cp=Ce e

Substitution of these displacement and potential waveforms into the

differential equations (24) leads to the following equation for af in terms of

the velocity vs, namely

' v 2 ja fA
det( = 0 (27)

jt2 2/
\\ jfA ktf + Pfv)

from which it follows that
2

[ . P - v (28)

The relative amplitudes y1 and ¥3 are obtained from the homogeneous linear
system of equations whose coefficient matrix appears in equation (7), viz.,
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ja1 A
2 3 (29)
2 13PfVs

The sign of af in equation (28) is determined by the condition that the surface

wave is bounded as x, -.

The total field in the crystal is expressed as a linear combination of the
"partial" fields associated with the allowed values of a c, namely

4 -Ct)U tw /v jw(t-x /V)
. B()4¢) e eUi

(30)

4 (OU ~)e~ X/V5 jw(t-x /V)

ep B=t 4t -a e I.

In the fluid medium the total displacements and potential are given by equation (26).

The amplitude coefficients B(1) , B(2) , B(3) 1 B(4) , C and Y3 are determined by

the boundary conditions:

U3 continuous at x3 = 0

cp continuous at x3 = 0

D continuous at x3 = 0 (electric displacement)

T33 continuous at x3 =0

T31=0 at x3 =0

T32=0 at x3 =0

The components of the electric displacement vector D in the crystal are given by

Di = eik Uk, It e kk , i= ,2,3

in the fluid medium, D = -fVCP, where ef is the dielectric constant of the fluid.

Application of the boundary conditions to the total field solutions leads to a set

of six homogeneous equations in the unknown amplitudes B(t ) t = 1, 2, 3, 4, C and

"3 " The coefficient matrix of this system of equations, M = [Mik]j k=1, .. , 6'

assumes the form*

*The explicit equations for the elements of M are given in Appendix II.
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M , 11 M 12 M 13 M 14  0 M1F 2 1 M22 M23 M24 M25 1  0

M M M M M 031 32 33 34 35
M 43 IM (31)U41 M42 M43 M44 0 M46

M51 M52  M53 M5 4  0 0o M
M6 1 M62 M6 3 M6 4  0 0

The characteristic equation for the surface wave velocity vs is obtained from

the condition for the existence of a non-trivial solution of the aforementioned

homogeneous system, namely, detM = 0.

The complex solutions to the equation det M = 0 can be obtained in a

straightforward fashion using the iterative scheme described in the programming

sections and such a procedure has been built into the computer program for the

fluid problems. However such a procedure is time consuming and does not

fully exploit prior work on piezoelectric surface wave propagation problems.

Inasmuch as a computer program exists to calculate piezoelectric surface

wave characteristics under a variety of conditions, in particular, when the

surface of the crystal is traction free and the adjacent half space is a massless,

non elastic dielectric, it is desirable to make maximum use of this program.

This can be done for a wide range of parameter values for the fluid medium by

making use of a perturbation scheme for obtaining the roots of Jet M = 0

which utilizes the results of this program and requires, in addition, only the

evaluation of a few determinants at specified velocities.

The implementation of the perturbation procedure is based on the fact that

a particular sub-matrix N of the matrix M (as indicated by tOe partitioned

matrix in equation (31)) is the coefficient matrix of the linear system

corresponding to the boundary conditions at the surface of a crystal in contact

with a medium whose elastic properties are those of a vacuum but whose

dielectric constant is that of the fluid medium. Consequently, the equation

detN = 0 is the characteristic equation for the velocity of the surface waves
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which can propagate in this configuration, and the roots of this equation can

be found using the computer program for the first problem with AkI = and the

dielectric constant of a vacuum e replaced by the dielectric constant of the

fluid (C?.

The perturbation procedure is based on the assumption that the complex

velocity which satisfies det M = 0 corresponds to a small perturbation on the

real velocity solution of detN = 0, i.e. that the mechanical loading of the

substrate by the fluid medium is quite small.

Formally the perturbation scheme is derived as follows. Let vso be the

velocity such that detN(vs) = 0 and assume that there exists a complex

perturbation Avs such that the detM(vs) = det M(vso + Av.) =0 and Avs/vso << 1.

For I v/Vso << I

detM(vs) = detM(v ) + -- [det M(V) • AV (32)
0 S VS Vos s dv s s

o(s o

s2

whereupon neglecting terms 0 E(Avj)Iyields

det M(vso )

Av d (33)s d (det M(Vs)
dvs

Expanding det M(vso) about the last column (which has only two elements) gives

M46 KAV detW(34)
=M16(detN )  M4 6K M(3K

where the quantity K in (34) is the minor of the element M4 6 ii the matrix M,

the primes denote differentiation with respect to vs , and all quantities are

evaluated at vso. In obtaining (34) explicit use has been made of the fact that

det N(v) 0.

The derivatives of the determinants employed in the perturbation procedure

are calculated numerically. The derivative of the matrix element M4 6 was

obtained analytically.

a~maIi
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In both methods of obtaining the complex velocity vs the functions involved

(matrix elements and minors of the matrix M) contain af as an independent

variable which in turn is a dependent variable with argument vs . Equation (28)

shows that there is an ambiguity in the sign of af. The resolution of this

ambiguity leads to the particular character of the piezoelectric surface wave.

The variation of the surface wave in the direction of propagation is

assumed to be bounded in the positive (xi -+ ) direction of propagation. This

assumption imposes the requirement that Im [v s I - 0. Consequently, the sign

of af must be chosen such that this condition is satisfied.

Since A and Pf are positive real it can be shown that

Re
v

where a( -) denotes to the values of af from equation (28) corresponding to the

positive and negative signs of the radical. Consequently, if atf is required to

obtain a root vs such that Im [v , 0 the corresponding surface wave is of the

leaky type. On the other hand, if a(4) is required to obtain a solution of

the determental equation the surface wave is evanescent in character. In all

numerical cases considered the surface wave was a leaky wave.

In the prcgram described in the following section, two values of input

velocity are required depending on the program option used. If the perturbation

scheme is used,a very accurate value (at least 6 place accuracy) of velocity

must be input. This value- is to be computed from the existing surface wave

program wherein the dielectric constant of the fluid medium is substituted for

that of free space (outside the crystal medium). On the other hand, if the

root finding scheme is employed only a reasonable estimate of the complex

velocity is required.

A final word of caution is in order regarding the use of the computer

program. In checking out the various options available with the program, it

was found that if the leaky wave velocity is a small perturbation on the surface

wave velocity in the absence of the fluid medium, then the use of the perturbation

scheme led to more reliable results than the root finding option. On the other

hand, if the fluid medium significantly loaded the substrate material, the root
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finding scheme gave good results whereas the perturbation scheme (as would
be expected) gave erratic results in some cases. The former differences stem

from the fact that the change in the velocity due to the air loading is on the
order of the errors incurred in the root finding scheme while the latter are due

to the approximations inherent to the perturbation procedure.

7. Surface Wave Propagation in an Isotropic Elastic Film on a Piezoelectric
Substrate

This section gives a brief description of the theoretical analysis of surface

wave propagation on a semi-infinite piezoelectric substrate with a contiguous

isotropic dielectric-elastic layer, as shown in Figure 3.

The substrate is assumed to be a completely general piezoelectric (or
non-piezoelectric) crystal medium with arbitrary surface normal direction
relative to the crystal axes of the medium. The material layer adjacent to
the substrate is assumed to be a general isotropic elastic medium with isotropic
dielectric properties. Only pure modes of propagation are considered, that is,
leaky surface waves or evanescent (or cut off) modes of propagation have not
been accounted for in the computer program.

vacuum

h isotropic elastic medium

piezoelectric crystal
medium

Figure 3. Semi-infinite Piezoelectric Substrate with a Contiguous IsotropicElastic Layer.
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The coordinate system employed in the analysis is illustrated in Figure 3.

The piezoelectric crystal medium occupies the region x3 > 0 and the direction

of propagation is assumed to be in the xI direction. The fields in both the

crystal and layer are assumed to be independent of the x2 coordinate. Arbitrary

orientations of the crystal surface with respect to the crystal axes are

considered as before by an Euler Transformation. Inasmuch as the dielectric

layer is isotropic, both from an elastic and an electromagnetic point of view,

the quantities characterizing the medium are invarient under coordinate

transformations.

The analysis pertaining to the crystal or "substrate" medium is identical

to that described in Sections 11. 1 and 11.2.

The elastic properties of the dielectric layer are described in terms of

two elastic constants, Xd, the modulus of compression or Lame's constant,

and Pd the shear modulus. Inasmuch as the layer is non-piezoelectric the

differential equations for the mechanical displacements and electric potential

decouple and assume the form

dV 2 U+( d +p)Vi3) d -h<x 3 <0 , (35)

and

V =0 , (36)

where U = (U1, U2 , U3) and Pd is the density of the dielectric medium.

In the dielectric medium the assumed displacement waveforms may be

expressed as

"dw/V j(t-x /v)
Ui= d. e -d 3 s e IS i= 1, 2,3 .(37)

Substitution of these waveforms into the differential equations (35) yields a

linear system of homogeneous equations in the unknowns Odl' d2 and Od3.

The existence of non-trivial solutions requires that the determinant of the

coefficients of the system vanish thus leading to the following classical

equations for normalized transverse wave numbers ad in terms of the velocity

vs, namely,
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(1e2) +- I' PdVs
aa -(shear) 11 (38)

dP

3,4) ++ 2 .P jdvs
c(3, 41= ad (compressional)= + d + 2  d (39)

and

(5,6 (12

since the shear mode is degenerate for an isotropic elastic medium.*

Finally, in the dielectric medium, the two independent solutions of (36),
assuming e variation in the x1 direction, are ,

c 1 , 2 = C1, 2 e± Lx3/vs e jw(t.x/vS) (40)

In the "free space" region -- < x3 < -h there are no mechanical displace-

ments but a potential function exists and must satisfy the differential
equation (36). In addition, the requirement that the potential be bounded as
x -. is imposed. Therefore, the form of the potential is taken to be

'Ps = C3 eX3/3 e j.(t'Xl/Vs (41)

The total displacement and potential waveforms in the piezoelectric
crystal are expressed as linear combinations of the "partial" fields associated
with the allowed values of ac. Denoting these values a(1') =

c , 1,2,3,4, the
displacement components and potential may be expressed as

*The term degenerate is used here in the sense that in the characteristic
equation for the normalized transverse wave numbers a (for example, corres-
ponding to the determental equation (3) for the general piezoelectric crystal)
the roots a(l) and a(2) are double roots and hence two linearly independent
eigenvectors can be defined for each distinct value.

I
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4 - t)ux 3/V s jw(t-xl/v s )U(c ) - T, B(t) At) e Ce , I 213v

VCi e , i(42)

4 - (% )"3s/Vs jw(t-x /vs)
0= B B(t) 0(4i) e se e

In the dielectric medium the total displacement components assume the form

6 -eada' x/V~ jutt-x /V
UP D()W-) ed e i 1,2,3, (43)

while the total potential is given by

( 3 / +02 eu ') jv e(txl/vs) (44)cd-C 1 e e x / s + C2 e -  e (/ 44)

In the free space region the total potential is given by equation (41).

The as yet unspecified amplitude coefficients B( , = 1, 2, 3, 4, ;D( t)

k 't = 1, 2, ... , 6; C ; C2 ; and C3 are determined, to within a constant, together

with the surface wave velocity vs, by the following continuity and boundary

conditions:

(i) Ul, U2 , and U3 continuous at x3 = 0

(ii) cp continuous at x3 = 0 and x3 = -h

(iii) Continuity of the normal component of electric displacement

Pat x3 = 0 and x3 = -h

(iv) Continuity of shear and normal stresses (T3 1, T32, T33)

at x3 = 0

(v) The surface x3 = -h is stress free (T3 1 = T3 2 = = 0).

The components of the electric displacement vector D are given by

i i , i= 1,2,3 x3 >0

D EdVCP -h-Cx 3 < 0
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and

D=¢ Vcp x3<-h
0 V( 3 <

The components of stress T3 1 , T3 2, and T33 are given by

T=3j C 3jk Uk, & t ek3jk j = 1, 2,3, x3 > 0

T3 1 = d(Ul,3 +U 3 ,l)

T3 2 = PdU2 ,3 -h<x3 <0

-T33 = (1d + 2pd) U3,3 + "dUIs I

Application of the continuity and boundary conditions (i) .... (v) to the

total displacements and potentials (40), (41), (42), (43), and (44) leads to a

* system of thirteen linear homogeneous equations in the thirteen unknown

amplitudes B(Z), t = 1,2,3,4, D("), I= 1, ... 6, C1, C2 andC 3 . The

equation for the surface wave velocity vs is obtained from the condition for the

existence of a non-trivial solution of this system of equations, namely, that

the determinant of the system vanish. The explicit forms of the coefficients

L13 , i,j = 1, ... , 13, of this system are contained in Appendix IIl where the

appropriate boundary conditions represented by each row of the matrix are
indicated.

If the substrate is non-piezoelectric, modifications of the foregoing

analyses identical tot hose described in Section 11. 1 are required. In this case,

the characteristic equation for the surface wave velocity is the determinant of

a (9 x 9) matrix comprised of the coefficients of the amplitudes D = , ... , 6,

and B("), t = 1, 2, 3 in the homogeneous sys tem of 9 equations in 9 unknowns

derived from the boundary conditions given above upon neglecting the electric

field and setting the piezoelectric constants equal to zero.

Degenerate Cases (Piezoelectric Substrate)

The same degenerate cases arise as those considered in the preceeding

sections and the selection of O's proceeds as before.

For case (I) (Section 11.2) solutions are sought wherein U1, U3 and ep

only exist in the crystal. This type of solution uses only the a values which

L ______
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lead to = 0 and 1, 3 and non-zero. Also in this problem solutions

where U2 only exists in the crystal must be considered (e.g. Love waves or

the piezoelectric perturbations thereof). This solution stems from the root

a which leads to non-zero 2 and zero N, 13, and

As in the previously considered degenerate cases the determinant of

the boundary condition matrix t factors into Lte product of two determinants.

The determinant which corresponds to the U , U3 , cp solutions is denoted M

and assumes the form,

L L LL L L 10 L L1 12L
L1 1  L12  13 14 18 19 L,10 L21 L1,12 L,13

L31

41--
: L~~61 ....

M- " L7 1

L91

,100 11

L12,1 -

L13,1 L -- 13,13

The solution for the U2 case depends upon existence of zeros of a determinant

N where N is a (3 x 3) determinant.

L2 5 L2 6  L2 7

N= L5 5 L5 6 L57

L8 5 L8 6 L8 7

For case (2) (Section 11.2) solutions wherein only U1 and U3 exist are considered.

This type of solution uses only those a's which lead to zero 02 and 0 and non-

zero and 03. Solutions where only U2 and CP exist also must be considered.

This solution employs the a's which give non-zero 02 and 04 but zero l and 3
2- 3
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The solution for the U1, U3 case depends upon existence of zeros of a
determinant P (6 x 6), where,

LI L 2 L 3 L 4 L 7 L 8
L112 L13  L1 4  1 8

L31 .

_ L4 1P=
L61

L71

L81

The solution for the U2, U4 case depends upon existence of zeros of a deter-
minant Q (7 x 7), which assumes the forin

'-25 L 26 L 29 L2,10 L2,11 L 2,12 L2,13

L5 5-  -  -  -  -  -  -  -  -  -  -

i L85

L10 ,5

L2

L13,5

Degenerate Cases (Non-Piezoelectric Substrate)

The degenerate cases Up, U3 , only or U2 only involve one a with zero
81 3 , and non-z'ero 2 and two as with zero 2 and non-zero O, 3.

The U,, U3 case requires the investigation of the roots of a determinant of
the same form as P except for relabeling the columns due to a relabeling of
the a's. This determinant is designated R and has the form,

r,1~1~ >)
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I L L L L L
1..1 12 13 14 18 19, , L~31 ...

L4 1R-
L61

L71

Solutions with U2 only (Love waves) lead to the consideration of the roots of a
determinant which is identical to N.

ii

1*s
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Ill. ANALYSIS OF AN ELECTRIC CURRENT LINE SOURCE ABOVE A
PIEZOELECTRIC HALF-SPACE

In this section a study is made of the excitation of piezoel:;ctric waves by

means of an interdigital electrode transducer. Arbitrary crystals and crystal

orientations are considered as in the preceeding chapter. The problem is

treated from a field theory point of view and is case in the formalism of a

Greents function solution. Due to the complexity of the problem it is

expediant to make some simplifying assumptions before the analysis is

attempted. Consequently, it is assumed that the coupling between the individual

strips can be neglected and that the current on the strips can be approximated by

an assumed current distribution. Furthermore it is assumed that only current

flow normal to the array is of importance in exciting the piezoelectric waves

and that the strips of the array can be considered to be of infinite extent thus

reducing the problem to a two dimensional one.

With these assumptions in mind the Green's function sought is one for

an infinitesimal two dimensiortal electric dipole above a piezoelectric substrate

as illustrated in Figure 4.

1tz
Two dimensional dipole (extending to
. in y direction)

Vacuum (x0, Z0 ) x

/~ Piezoelectric
medium

Figure 4

The dipole is located at x0 , zo and extends to - in the y direction. It

is oriented in the x direction. The crystal fills the region z -0 while a

vacuum exists in the region z > 0. Assuming an ejwt time dependence, the

equation for the electric field in the vacuum is as follows:

V x Vx E = jao Jp + w2%5 . (45)
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For the two dimensional dipole J = U 6(z-z) 6(x-xd and equation (45) reduces

to

V2 E+ik2 Ej + .1 "

where I is the unit dyadic, ko = 21T/AO, and A is the free space wavelength.

Setting E = (1 + VV/ko) • G it is easily seen that

V2 +o2 = -Juvpo d(z-zo) 6(x-xo) Ux (46)

A particular solution to equation (46) is

A -G -o eJ °  xx' z  ejkx(x-x°) dk (47)

A particular solution for E (viz. E) is derivable fr_=n G and in the region

0 < z < z0 the following expression results, namely,

E E

E ()j I-K jK

0 00

KP U- eJ1 ~ o eK(x dK (8

r! X 0._

k NECE

0 0

may be obtained ,as a superposition of Ep and a general solution of the homogeneous
equation v2E + koE= 0. That is, in the region 0 < z < o E may be written in
the form
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_Kw--i j (--

-z+ Bo( e e dK
k 0 X

0Q 0 0 XC

k f 0 ( e Vi 1 X de x 0 ' (49)
0 0~ x

k k o() )  e dK

o k ox

-' "-K

where A (Kx) and B (Kx) are functions of K which are determined throughox ox x
the application of the boundary conditions on the total field. at z = 0.

In the crystal medium (z < 0) the mechanical displacement fields and

the electric fields may be expressed as follows:

FO -jK -oz j1'x -
U i j U(K e e dK i= 1,2,3

I 1c x

(50)

E. jK z(z-z jK(xx
Ei = i(Kx) e z  0 ejK X (x 'x 0 dK i =,2,3
ko  x

0 -

When the above integral representations are substituted into tile differential

equations for the crystal, viz.

Cijk Uk, i-ek.jEk i = pU. j = 1, 2,3

2  - (51)V x V x E = w POD

there results a linear systcm of homogeneous equations for the amplitudes
Ui(Kx and %.(Kx). The determinant of the coefficients of U. and i must vanish

for a non-trivial solution to exist, namely,
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0 Ora- a

r--$ r"-X 4- CA 0 CA C

x CA, C , p.+ ,

NX tm x AC
'N N

NN

CCA

N N W hj N4t

, + +

I t% C In 0 0, '... 0.

N~~~~~~ N..;. -

07- W (T vaD C~A i ~ 0 0 1- -U
m~ 0 0 - 0 C Q 0% + wi. 0 - 0

CA N 4' CD 4 -' ND + + +

x ., t4 w w

NI 
0

+ ( CD

N t N

0 d-' C
co CI o e, tc~

NwN

, b a

Na- -a- Nw N N
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In the above equation C is the velocity of light. Expanding this determinant

leads to a 10'th order algebraic equation for Kz as a function of Ky
For agivenK in therange -- < - there will be 10 values ofK

x n x  z
satisfying the determinental equation but only 5 will be admissable (represenLng

field solutions that are bounded as z - - * and have the form of out going

waves in the region z < 0). For each usable K it is necessary to solve thez
homogeneous system for the corresponding field amplitudes Ui, *i*.

Thus U. and E. can be expressed as follows:

S i(53)

-jK(n)z-z jK (X-XoU. A (KKx) e e d

o , n=l x

where An(K x) are unknown amplitude coefficients to be determined by an

n= I

application of the boundary conditions. The magnetic field in the crystal

medium and in the vacuum can be written in a similar fashion and is derivable
from the equation

Vx x = Jx

The boundary conditions imposed on the field solutions at z = 0 are as

follows:

Continuity of T j = 1,2,3

Continuity of E and E

Continuity of H1 and H2

The imposition of these conditions leads to the following set of equations

in the amplitude coefficients Ao, Bo, A . The limiting case z -4 0 has been
0 n otaKen in the following since the electrodes will be located on the crystal surface

atz=O.
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Continuity of T3j j = 1,2,3

5

[i: (KCl.K (n)C5 5 IrJ(f)+ IjK xC5 JK~ 45
a-- I z 55 1 j5 j1- "n)C4

+ [jK C 5 jK~n)C 35 I U(I1) - e *(n)- *(i)- e ()] A =xC5- z353 15 i1 e 25 J 2  e3 5*

5

L[jK C 3 jK~n)C I]U(n) + EK C -Kn)C
x1 z 35 1 x346 z 4 2

+jK C0 3- jK C33C I -e1 3- e * _e 3 ~) A *

Continuity of Ej,E 2

(n (()einn

x A4 3 B =1 3 (5)

5n.. z 5 1A36 =0

= O

Continuity of Hi, H9

5 J(n) nA+J 1-K2 A =0

n= X O

3X

(56)

L I~)A-
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In practice the solution of equations (54) (55), and (56) would be

per-ormed numerically on a computer as a function of <x

- The integral expressions for the total mechanical displacements and electro-

magnetic field components follow from the solution of the system of equations

described above. An asymptotic evaluation of the resulting integrals may be

employed to obtain formal expressions for the physical quantities of significant
interest such as the surface wave fields, power in the surface wave, total

power input to the crystal by the transducer, and the bulk wave scattered

Kamplitude pattern. The expressions for the aforementioned quantities are very

formidable and would require an extensive amount of numerical computation
to obtain even limited information. Consequently, it was decided to abandon

this approach and the numerical implementation of the theoretical analysis was

not carried out.

I:

Vt
H 2J
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IV. COMPUTER PROGRAM OUTLINES

This section describes the use and programming format of the computer

programs which were written to implement the numerical analysis of the various
surface wave propagation problems described in Section 11.

I. Surface Waves on Piezoelectric Crystals in the Presence of Infinitesimally

Thin Electric and "Magnetic" Conductors

This computer program is divided into two parts: Part A is concerned

with an isotropic elastic conductor (such as gold) of finite thickness above a

piezoelectric substrate (such as lithium niobate); Part B is concerned with an

infinitesimally thin electric or magnetic conductor above a piezoelectric

substrate. All information necessary for the operation of the pr gram is

described below. For example, an initial guess of the surface wave velocity is

required. From this information, the program refines the initial guess,

resulting in a velocity accurate to input specifications.

The program is set up to run on an IBM 7094, and the form of input is

FORTRAN Namelist input. Although it is discussed in this document, it is

suggested that those not familiar with Namelist input read the appropriate

sections in a Fortran manual.

Deck Setup

$MII
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The $ID and $TCP control cards must be supplied by the user; the remaining
control cards are already in the program deck. The data deck (i.e., the input

data for the program) utilizes Namelist input. Two input sections are required:
the first describes the parameters of the substrate crystal; the second provides the

remainder of the information necessary for the execution of the program.

The first data set is called CONST. This set includes the piezoelectric,

elastic and dielectric constants. Column 2 of the dtata card contains a dollar sign ($)
and columns 3-7 contain the letters COMST. The constants begin in column 9 of the

first card and continue up to column 72; they then continue to columns 2-72 of each

succeeding card for as many cards as needed. The general form of the data to be
input is:

Variable name = 1st value, 2nd value, ... , last value .

For example, the piezoelectric constants (eip), called P in the program, could

be input as:

P = 0*,0 .,0.,0 ., 3.7,-2.5, .. 0 t

There are 18 piezoelectric constants and they should be input in the fo.Uowing

order:

ell I
e12

e13

e5 14,

el6
e15

e22

e

24

e25
Iie113
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e 26

! e31

e3 2

e 33

e34

e 35

e 36

i.e. P=ell, e12, ... 36,

In the program the transformed piezoelectric constants . ar printed
iJ

out as

E =e

E2 =e 1 3

E3 =e 14

E4 =e15

e

E6 =e 3 1

E7 =e33

E = e34

9 35

E IO e 36

E =e211 12

=e12 e32

e'13 =21

E -e'I
14 23
15 = 24

E -e'
16 25

E =e'
17' 26
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The transformed Lanstant e~ is never used and therefore is not printedThetrasfomed .ostat 22

out.

The elastic constants (Cm), called G in the program, are next.

Immeaately following the comma (,) behind the last piezoelectric constrat

(excluding blanks), print:

G=

followed by the 21 values of the elastic constants in the following order,

separating each variable by a comma:

Cli

C2 2

C33

C12

Ci

13

C16

C23

24

C25
126

C34

C35

036

44

C45

CS

046

C6
0 5

IC
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In the program tie !Tansformed elastic constants Cf. are printed out
as:

2  13

_ c

3  14

4 =15

5  33

C6  C c34

C7 =c35
!C

08 c 36

09 =c44

C CIC10 =45

011 =c 4 6

C12 =55

C13 =56

Cr4C14 =c66
C 15 = c16

C =c16 12

17 c25

C =c'18 26

C1 9 =24

Th t23

The transformed constant c 2 is not used and therefore not printed out.
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The dielectric constants (C~.called BPS in the program, are the last constants

to be entered. They should be entered following the comma after the last value of

the elastic coefficients, as

BPS=

followed by 9 values of BPS in the following order, separating each variable by
a commia:

12

1l3

£21 i
~22

£23.1

£-31

C£32

£33

In the program the transformed dielectric constants C~' are printed out

as: j

T1 =~ 31

13

T3 33I

T4 21

T C23
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The transform.-d constant C2 is never used and therefore is not printed

out.

After the last value of BPS, namely e33P print a dollar sign ($) instead

of a comma. That is,

C C C C $PS =€ 1 1, £12, 13' 21' 22' 23' 31' 32' 33

This signals the end of the first data set.

The second data set is called "INPUT." $INPUT must be printed in

columns 2-7 of the next card (following the EPS data). Then each input
parameter should be entered, followed by a comma (except the last value,

which should be followed by a dollar sign, $). The following is a definition of

each input parameter (unless otherwise stated, the input parameters will refer

to both Part A and Part 13):
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Input Name Equation Names Definition.

SMUA pL (part A) Lame's constants for elastic
Aconductor

LAMDAA X (part A)

RHOA P Mass density of elastic conductor

LAMDAB A (Part B) Buler Angles

MUB p; .art B)

NUB v (Part B)

RHOB p (Part B) Mass density of crystal

U VS v Initial guess to a velocity. This
initial value will be used to find aSfinal velocity, 'is such < "-, I

where e is input.

KS k Can take on two values:
k = 0 for Part Bi Ik = I for Part A

EPSLON e A positive number used as a conver-
gence criterion. Whenhf(vs) I < , then
vs is assumed to be the root required.

WH Uh Normalized height of conducting wall
or magnetic wall (Part B)
Normalized thickness of elastic
conductor (Part A). To input
uh = set WH > 10 1 0 .

WXA uua (Part A) Normalized distance into elastic
conductor

WXB uC (Part A) Normalized distance into crystal
KL KL Part B) KL is normally 0. However, if the

electric wall case is being run

(see K.) and ifwh = O, then KL should
be set to 1.

KM M Qart B) This can take on two values:
KM = 0 electric wall

SKM = I magnetic wall
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Input Name Equation Names Definition

MAX Since ar. iteration scheme is used for
convergence for a final root vs, there
must be an indication of how many
iterations are to be executed before
divergence is assumed. Hence, MAX

should be the maximum number of
iterations the user wishes the program
to make (usually 10). If MAX is set
to zero (MAX = 0) the determinant
If(s) I will be evaluated for the
particular vs value input - the iteration
scheme will not be used. This option
may be useful if there is difficulty in
determining the range in which vs lies.!s

ICHECK A logical parameter which controls the
use of a checkout option. If ICHECK =
.FALSE., all FINAL ANSWERS* are
computed in addition to the evaluation
of the determinant If(s) I if
ICHECK = .TRUE., FINAL ANSWERS
are not computed - evaluation of the
determinant only,. This option was
included for use when MAX = 0.

DVS AVs  Increment to be used for vs when
ICHECK = .TRUE. (DVS : 0.)

VSMAX v Maximum value of vs to be used when
max DVS ! 0.

EPSO °  Permittivity of free space

WX tu (Part B) Normalized distance into crystal

DNU Av If the user wishes to vary 1v (NUB)
from some initial value, V, to some
final value, Vmax, in steps of Av, then
set DNU equal to the steps desired;
also, see NUMAX.

NUMAX Vmax The maximum value of v (see DNU).
Vmax is only used when DNU X 0.

DWX u An increment for ux, similar to DNU.
If DWX = 0, then o,.o is not incremented.

*The FINAL ANSWERS consist of the partial field relative amplitudes (Eta), stress
components, stratn components, time average power flow, electric and
mechanical displacements, electric potential, and electric field.
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Input quation Names Definition

WXMAX Mimax The maximum value of ax (see DWX).
Kamax is only used when DWX X 0.

TITLE An alphanumeric array of 24
characters or less used to describe the
type of crystal, such as lithium niobate.
This is input in the following manner:

TITLE = nH name of crystal, where n
is the number of characters following
the H (including blanks). For example

TITLE = 6HQUARTZ

REPEAT REPEAT is a logical variable and in:its usage, can take only one value:

I.TRUE.
If there are no more cases to run after
the curent case, REPEAT does not
need to be input. If there will be
another case to follow, but the crystal
coefficients remain the same, then,
again, REPEAT does not need to be
input. However, if another case is
to be run and the coefficients are
different, then REPEAT needs to be
input as .TRUS. This means that the
$COlT data will kave to be input
again (in the other cases above,
$CONST would not have to be input
again).

HXAGNL Parameter which controls the calculation
of betas (O's) for a hexagonal crystal
(such as zinc oxide)

.TRUE. hexagonal crystal (use
special technique)

FALSE. non-hexagonal crystal
(use normal procedure)

VSINC VSINC = .TRUE. - New estimates of
initial velocity (vs) are computed using a
linear fit to the two previous values.
(Used when NUB varies over a range

NUB, NUB + DNU, ... , NUMAX)

VSINC = .FALSE. - The same initial
estimate of velocity is used for all values
over the specified range of NUB.

i-i
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The following input parameters are all logical variables which are

assumed to be false (.FALSE.) in the program. They are used as switches

indicating whEther or not intermediate calculations are to be printed. If any

one, or any combination of these parameters are input as true (.TRUE.), then

certain intermediate data will print, according to the following:

ROOTS Print the roots of the polynomial each time they are calculated.

COEFF Print the constants E, C, and T (the transformed piezoelectric,
elastic, and dielectric constants) calculated from the constants
P, G, and EPS.

DETERM Print the L matrix and the value of the determinant.

POLY Print the coefficients of the 8'th order polynomial.

BETA Print the values of 03.

ALPHA Print mA'S, Part A.

ALL Print all of the above.

The manner in which the above listed parameters in the $INPUT data set
are input is best illustrated by an example (assume Part B is being run):

$INPUT MUB = 90., LAMDAB = 90., NUB = 100., RHOB = 4700.,
VS = 3400., KS = 0, EPSLON = i.E-i, WH = 0, KL = 1,
KM =0, WX = 0., DWX = 10., WXMAX = 100.,
tide = 15HLITHIUM NIOBATE

h is zero in the above example. To input h = o, set fh > 1010. Note that
some of the values discussed in the list are not present in the above example.

This is because either they are not required or the program assumed nominal

values. A nominal value is a value that a parameter will take on if no other

value is input. In the above example, MAX, EPSO, and DNU take on their

nominal values of 10, 8.85 x 101, and 0, respectively. It is not necessary

to input NUMAX since DNU = 0; all parameters referring to Part A are not

necessary since Part B is being run; and all the logical parameters take on

their nominal value of false. The following is a complete list of nominal values:
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Parameter Nominal Value

MUA 2.85 x 1010

LAMDAA 1.5 x 101 1

RHOA 1.888 x 10 4

vs 3000.

EPSLON 1 x 10 11

KL 0

KM 0

MAX 10

EPSO 8.85 x10 12

DNU 0

DWX 0

DVS 0

TITLE 5H-ISrHIUM NIOBATE

ROOTS

COEFF

DETERM

POLY
.FALSE.

BETA

ALL

REPEAT

ALPHA
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I Sample Data Decks:

The following sample data deck, illustrated on the attached code sheet,

gives an example of three data runs: the first is a 90-90-100 degree cut of

lithium niobate. The second is the same, except for a new value of ah. The

third is a 0, 0, -90 cut of quartz (note that REPEAT is set to true in the second

case, just prior to the case when new coefficients are to be input).

I

S
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The following is a description of the program flow diagram provided

at the end of this section.

First, the nominal data values are set up in the program. These values

are assumed by certain parameters in the program unless new values are

specified. Following this the program reads in the elastic (G), piezoelectric

(P), and dielectric (EPS) constants (CONST DATA) of the substrate medium.

Finally, the remaining input data is read in (INPUT).

Next, subroutine SETCTE is called to perform the Euler tranuformation

to obtain the elastic (CC), piezoelectric (CE), and dielectric (Cl) constants

relative to the input coordinate system as specified by the constants A, F, and

v. At this point subroutine ROOT is called to perform the calculations leading

to the evaluation of the determinant of the boundary condition matrix (L matrix

of the analysis). The determinant is referred to as F(VS) since it is evaluated

as a function of velocity (VS).

There is an option in the program to use a root finding scheme to minimize

IF(VS)J or simply to increment VS in steps of DVS and calculated F(VS) at each

value. To perform these various calculations at a particular velocity (VS)

ROOT calls subroutine F which is described in detail blow (in Determination

of F(VS))

After exiting from ROOT and returning to the main program logical

checks are made to establish the type of case considered in ROOT. Depending

upon the results of these checks the values of the amplitudes of the partial

surface wave fields are computed (A( t) of analysis section). In the program

these are called ETA(l), ETA(2), etc. The program now proceeds to compute

the magnitude (MAG U(I) ) and phase (PHASE U(I) ) of the mechanical displace-

ments (U(I), I=I, 2,3) and electric potential (UJ(4)). Next subroutine PIFUN is

called to compute the time average flow (PIM,P2M) followed by the computation

of the stress components (TW31, TW32, TW33, TWIt, TW12, TW22) in
subroutine TFUN. Subroutine SFUN then implements the calculation of the

strain components (Sll, S33, S12, S13, S23). Finally the electric field

(El, E3) and electric displacement (DI, D2, D3) are computed. All the above

quantities are evaluated as a function of normalized distance (WX) into the
crystal. They can be computed at incremented values of WX for any specified

initial and final values.
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The velocity (VS) can be incremented if desired (up to some specified

maximum value, VSMAX) and the steps in ROOT and that which follows are

repeated for each new velocity. Thus it is possible to plot the determinant as

a function of velocity. After VSMAX is reached there is an option to increment

the third Euler angle (NU) and repeat the steps from SETCTE on. When this

has been completed the program returns to read in new CONST DATA if the

crystal is being changed or to read in new INPUT DATA if the crystal is to remain

unchanged but the orientation is to be changed. After all data from both sources

has been exhausted the program stops.

Determination of F(VS)

Subroutine F calls subroutine STRIP to compute the coefficients of the

eighth order polynomial equation in a. Next subroutine CROOT calculates

the 8 roots (ALFA(1), I = 1, 8) of the polynomial equation by Muller's method.
If the medium is non-piezoelectric the solution for the roots involves two

extraneous roots which are rendered useless by setting them equal to - 10- 10j.

The roots with positive real part are chosen (ALFAB(I), 1=1, K).

If the medium is piezoelectric and the number of roots with positive real

part (K) is equal to 4 the program proceeds to calculate the relative amplitudes

() of the analysis section) of the displacement and potential corresponding to

each a. These amplitudes are referred to as BETAB(I,J) in the program. The

matrix (ACAP, 1 for simplicity) of coefficients of the amplitudes (4 ) is

set up for. each a. If the crystal is not hexagonal non-degenerate cases are

solved by setting At = 1 and solving the first three equations of the system for
i = 1, 2,3. If the crystal is hexagonal one of the a's naturally leads to an

ill-conditioned system if the first three equations are solved for 0) ( ,
an term of Ths) ' 2
4 (i em f0 hs0 is set equal to 10-10 and the system

composed of the second, third, and fourth equation are solved for 2',
0(14. If the case is degenerate the 0O')s are calculated in the fashion indicated

41
in the analysis.

If K < 4 the procedure for calculating the W')ls is dependent upon'the value

of K. If K 5 I the case terminates since no solution is possible with only one

available value of a. If K > 1, 12 and A23 are investigated to see if they are

identically zero.

*See Appendix IV.Ii
LI
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If either A12 or A23 is not identically zero the case cannot be degenerate.

The program proceeds in one of two possible ways. If the crystal is non-

piezoelectric and K = 3 the " 's are calculated as indicated in the analysis

(i . . 1 and the first two equations of the system are solved for
4l 3

1and 2 (). If either K j 3 or the crystal is piezoelectric the case

terminates. This is due to the fact that if the crystal is piezoel.ectric and

non-degenerate, four a's are necessary for a solution in the general case.

If both A and X are equal to zaro the non-piezoelectric case is
12 2degenerate and is treated as follows. 1122 is calculated for each value of a.

For K = 2 it is necessary that Ix 2 2 1 be non-zero for both val)es of a (due to

the large magnitude of the individual terms in A it is sufficient to compare
7 7 22

.A .to 10). 1 22 1 > 107 for both values of a then we may set
221 ) 22I

0, t) 13 1 01 10ad

Otherwise the case is terminated. If K = 3 the minimum value of IA2 2 1 is

calculated and the corresponding a is discarded. The O's are then calculated

for the other two a's from the above formulas.

If A1 2 and A 3 are identically equal to zero and the crystal is piezoelectric

the program proceeds as follows. A 24 is tested and if equal to zero the first

degenerate case of the analysis section must be considered. The case is

terminated if K = 2 but if K = 3 a check is made of IA2 2 1. If 7A221 >10 for
all three 's, the O's are calculated as indicated in the analysis. If

I22  10 7 for any of the a's the case is terminated.

If A # 0 a check of A and A is made. If they are not both identically22 14 134
equal to zero the case is terminated. If both are equal to zero the second

degenerate case of the analysis is considered. In this case IA22A 4 - A2 4 1
(TERMJ in the program) is calculated for each a. If TERM 2 10-o for two of

the a's the (0, 3) split of the analysis arises and the P's are appropriately

calculated. If TERM < 10- 5 for two of the a's the (P2' P4) split arises and the

's a.e appropriately calculated. Under any other conditions the case is

terminated.

Now that the a's and 's are known the boundary condition matrix (L)

is set up and its determinant evaluated. If the problem of a conducting elastic

medium in contact with a piezoelectric or elastic medium is being considered
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the a's and O's appropriate to the conductor are first evaluated then the

appropriate boundary condition matrix is set up and its determinant evaluated.

This completes the computation of F(VS) whereupon the subroutine is exited back

to the main program.
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AIN PROGRAMI LINBO3

SET UP NOMINAL
DATA VALUES

REA $CN DATA
PIEZOE ELETRI, ELASTIC,

AND DIELECTRIC CONSTANTS
P, G AND EPS)

REPEAT=.FALSE.

EN D O F F IL E (YES) -

FSNU=NUBj

~2M~+IFALSE.)VE
(.TRUE.)

TTIM

'-Al
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• ' /C OMPUTE

'I
NTS 0 E USED IN CROOT FOR THE ORDERING.OF THE ALPHAS

ROOT USING AN INITIAL ESTIMATE OF
VELOCITY, VSO, CALCULATE (a) THEVALUE. OF THE DETERMINANT I f(VSO){
AT VSO (MAX = 0) OR (b) A NEW I f(VSO)l IS COMPUTED
VELOCITY, VS, FOR WHICH If(VS) IS IN FUNCTION F,
LESS THAN EPSLON (MAX > 0) - - - CALLED BY ROOT.

COMPUTE VSI=I/VS
ALFAI1i 1/ALFAi

TABULATE INPUT DATA TOGETHER
WITH OPUTED VALUES OF VS,I~f(VS) TjVSI AND ALFAIi .

NON-DEGENERATE CASE FOR
WHICH THERE ARE LESS THAN

IALF (.TRUE.)- 4 c's WITH A POSITIVE REAL
PART-NO SURFACE WAVE
EXISTS SO THE CASE IS

(.FALSE. TERMINATED

ICHECK RU

.FALSE .)

(=o) GOLDJITHIUM
( 0)COMPUTE STABULAT E

REGULAR CRYSTAL U (I,3U LT I,PI )
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COMPUTE FINAL ANSWERS
(REGULAR CR TAL PROBLEM)

COMPUTE ETA'S

ICASE CASE

0 NON-DEGENERATE
i. PIEZOELECTRIC (NBRTA=3)
b. ZERO-PIEZOELECTRIC (NBTA=2)

1 ROW, 3 ZERO
I a. 4 ALPHA'S
3 b. 3 ALPHA's

4 ROW, 2 ZERO
2 a. 4 ALPHA'S

b. LESS THAN 4 ALPHAS

4 1. (1,3) CASE
5 2. (2,4) CASE

ITABULATE ETA'-S

COMPUTE:

PHASE - PHASEU(I)
(1 1.I3)

rduLlu - ts)

PHASE -PHASEU(4)

COMPUTE TIME AVERAGE
POWER FLOW

(PIM, P2M)

TW COMPUTE STRESST

(TW3 1, TW32, TWZTWI-,TW 12,TW2>
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SFUI
COPTVSRI
(S1,S3 1,S1,S3

COMPUT

(O) -I.

@*--(S)WX:WXMA>

(0

WX=SW*
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VSO:VSMAX (

0) ~ VSO=VS O+D'VS

QDUO) ---

NUNUB+DN7]

UB:NUMAX (9

I 4-(.TRUE. EPEA

(FALSE.)
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EVALUATE THE F NEA:ZR IZEETIL DETERMINANT NBETA=3: Z PIEZOELECTRIC
FOR A GIVEN NEA3 IZEETIVS IALF=.FAI.SE. NBETA IS EVALUATED IN SETCTE

ICASE=O
ICB=O

K 2=4

L2=16

1B2=4

COFICET OFSSMLERSMTO

.ALCEUTBUATAITEE
R00MDIAT ROOT OFYOMA

ALFA~), 1 1,-1: SSMUL~SMTO

(MULLRPOI
IE:LETI
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LESS THAN 4 ALPHAS
(K=NO. OF ALPHAS)

a I ALPHA\'
NON-DEGENERATE CASE

LESS THAN 4 ALPHAS

CASE FALSE.C

______-AND- FALSE.)

IIALF-.TRUE. I(TU.

A12 =0 AND
RE 1URNA23 0

(=3)

PIEZOE LECTRIC

'.TRUE4

(.TRUE.)
A14=0 AND A34=0
DEGENERATE

4 ROW, 2 ZERO CASE
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DEGENERATE
ZERO-PIE EBLEC7RIC

CA22=-jAh2 I

- (=2) =3)t 2 ALPHAS 3 ALPHAS
'IAL

<C211> CAMN=MN(CA22)

ICASE=4
CALCULATE O'S

BETABI.
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TERMj= IA22A44- 241I

i N TERM.: i0-5 0-I

1, 3 CASE0

ICASE=4 <11:2 v,) i

CALCULATEI
BETA'S 2,4 CASE

ICASE75

CALCULATE
BETA'S
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1 ROW ZElRO

LESS THAN 3 ALPHAS
3 ALIPHAS TERM[N#TE CASE

ICASS-3 (7JTERRMS-LNIO0 PITERRMSAGE

N- -----

CASE TERMINATED

CALCULATE 4
BETA'S
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12t0AND/OR
A23 0

NBETA=>2

=33T. (.FALSE.

PIEZOE LECTRIC
NON-DEGENERATE(.TRUE.) LESS TMAN 4 ciS

ZERO -PIEZOELECTRIC
3 ALPHAS
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2

NBBTA:3 0')ZR-ItBETJ

WII (3 AVHAS)

PIEZOELECTRIC ET 4,thROOT TO ZER
(4 ALHAS) 

ALFAB4 =L
ROOTS

(. FALSE.) [ AF

CALCULATE 0SS (BETA(IOJ))

-I

1lt

I.i
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SET UP MATRIX

W(=) 1

ZERO-PIEZOELECTRIC

PIEZOELECTRIC COMPUTE
, FROM Al

(i=1, 2, -j=, 3)
< '= SET - 4 =.,::=.

~(>)

- EGENERAT (NO)-- A

iROW, 3ZEROS SCALE MATRIX k=,K4

(K 4=4:PIEZOELECTRIC)-
ROW, 2 ZERO (K 4=3:0-PIEZOELECTRIO)

SICASE=I ,

ICASE=2 1(TU.
EXA GN (.TRUE.)

CALCLA] (.FALSE.)

SOLVE FOR ri' (i=1, 3)

USING 1st 3 ROWS OF
A MATRIX

SETO =1.

SOLVE FOR i(i =2 , 4)
~~USING ,AST 3 ROWS OF

ST A MATRIX OFSET A[=61" • 10-
(i= 1,4) SE I' 1

2.41
t33-
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0 L .R E ) .....

REGLRCSTAL

.TR E ET R L MA RI
ALEVALUA.)

PERIN UT l

(.FALSE.

BVAWATBX DBERINN

REUA]RSA
RBODITIU

CALCLAT L-MTRL EVAUAT
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2. Surface Waves at the Boundary Between a Fluid Medium and
Piezoelectric Crystal - Program Description

The purpose of this program is to determine the complex velocity of

propagation of surface waves at the interface between a semi-infinite fluid and
a piezoelectric substrate. Input parameters which define the fluid, the

piezoelectric medium, and control the use of the program are described on the

following pages.

The program is set up to run on the IBM 7094, using FORTRAN IV and

Namelist input and the deck set up is identical with that given for the preceding

program.

As in the proceding program, two input sections are required: the first

describes the material constants of the piezoelectric cryscal and the second

describes the orientation of the crystal as well as other information pertinent

to the execution of the program. The first data set is called CONST and is
identical with that presented in Section IV. 1. The following is a definition of

each input parameter in the "INPUT" data set. Medium A refers to the
dielectric (elastic) layer and medium B, to the piezoelectric substrate.

I.x
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Equation
Input Name Name Type Definition

LAMDAB 8 real

MUB VB real Euler angles for Medium B.

NUB VB  real

DNU Av real If the user wishes to vary v (NUB) from
some initial value, v, to some final value,
Vmax, in steps of Av, then set DNU
equal to the iteps desired; also, see
NUMAX. (See VSINC)

NUMAX V real The maximum value of v (see DNU).
vmax is only used when DNU $ 0.

VS v real Initial estimate of velocity. This initial
value will be used to find a final velocity,

such that If(Vs) I <C, where e is input.

DVS Av5  real If the user does not care to use the root-
finding scheme in determining a final
value for vs, but wishes, instead, to
evaluate the determinant I f(vs)j for particular
values of vs in the range from vs to Vsmax
in steps of AVs, then set DVS equal
to the step size desired. (For use when
MAX = 0.)

VSMAX v real Maximum value of vs to be used when
smax DVS $ 0.

LAMDAA AAreal
Lame constants for Medium A.

MUA PA real

RHOA IA real Mass density of Medium A.

RHOB PA real Mass density of Medium B.

EPSLON C real A positive number used as a convergence
criterion by the root-finding scheme
(MAX > 0). If If(vs) I < C, then vs is
assumed to be the root required.

EPSO Co real Permittivity of free space.
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Equation
Input Name Name Typ Definition

EPSA cA real Dielectric constant for Medium A.

WH Uh real Frequency thickness product.

WXA tA real Normalized distance into Medium A.

DWXA 0x real In order to vary JLXA (WXA) from anA initial value, uxA, to a final value
WOXAmax , DWXA must be set equal to the
desired step size. See WXAMAX.

WXAMAX Ax real The maximum value of !xA to be used
max when DWXA 0.

WXB "tXB real Normalized distance into Medium B.

DWXB real In order to vary wxB from an initial
value, wtxB , to a final value, LuxBmax,
DWXB must be set equal to the
step size desired. See WXBMAX.

WXBMAX "B real The maximum value of axB to he used when
max DWXB -'0.

ICHECK logical ICHECK = .TRUE. - All FINAL ANSWERS*
are computed in addition to the evaluation
of the determinant If(vs )I.
ICHECK = .FALSE. - FINAL ANSWERS
are not computed; evaluate determinant
only.

MAX ---- integer Since an iteration scheme is used for
convergence for a final root vs, there must
be an indication of how many iterations are
to be executed before divergence is assumed.
Hence, MAX should be the maximum number of
iterations the user wishes the prog:am to
make (usually 15). If MAX is set to zero
(MAX = 0) the determinant If(Vs) I will be,
evaluated for the particular v value input-
the iteration scheme will not ge used. This
option may be usefu) if there is difficulty
in determining the range in which v. lies.

*The FINAL RESULTS, which are computed for all values of WXA (dielectric
layer) and WXB (piezoelectric layer), include the following:

Stress Components Mechanical Displacement
Strain Components Electric Potential Magnitude
Time Average Power Flow Electric Field
Electric Displacement
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Equation
Input Name, Name- Definition

TITLE ---- BCD An alphanumeric array of 24 characters
or less used to describe the type of
crystal, such as lithium niobate. This is
input in the follow'ng manner:

TITLE = nH name of crystal, where n is the
number of characters following the H
(including blanks). For example

TITLE = 6HQUARTZ

HXAGNL ---- logical Parameter which controls the calculation
of betas ($'s) for a hexagonal crystal
(such as zinc oxide)

.TRUE. hexagonal crystal (use
special technique)

.FALSE. non-hexagonal crystal
(use normal procedure)

VSINC ---- logical VSINC = .TRUE. - New estimates of
initial velocity (vs) are computed using a
linear fit to the two previous values.
(Used when NUB varies over a range

NUB, NUB+ DNU, ... , NUMAX)

VSINC = .FALSE. - The same initial
estimate of velocity is used for all values
over the specified range of NUB.

lOP ---- integer Degenerate case options (used when exactly
four a's with positive real part occur).
lOP = 1 - seek modes of propagation of the
Quasi-Rayleigh or Sesawa type.
IOP = 2 - seek modes of propagation of
Love type.

REPEAT ---- logical REPEAT is a logical variable and in its
usage,. can take only one value:

.TRUE.
If there are no more cases to run after the

current case, REPEAT does not veed to be
input. If there will be another case tofollow, but the crystal coefficients remain
the same, then, again, REPEAT does notneed to be input. However, if another case

is to be run and the coefficients are
different, then REPEAT needs to be input
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Equation

Input Name Name Type Definition

as .TRUE. This means that the $CONST
data will have to be input again (in the
other cases above, $CONST would not have
to be input again).

The following input parameters are all logical variables which arc

assumed to be false (.FALSE.) in the program. They are used as switches

indicating whether or not intermediate calculations are to be printed. If any

one, or any combination of these parameters are input as true (.TRUE.), then

certain intermediate data will print, according to the following:

TABCTE Print the constants E, C, and T (the transformed piezoelectric,
elastic, and dielectric constants) calculated from the constants P,
G, and EPS.

ROOTS Print the roots of the polynomial each time they are calculated.

BETA Print the values of j"

DETERM Print the value of the determinant.

COEFF Print the coefficients of the 8,th order polynomial.

TABL Print the L matrix (or P, R, ctc., when tiisd).

ALPHA Print the roots of the polynomial (aJis) and the re-ordered roots
for degenerate cases.

ALL Print all of the above.

Data items may be excluded from the input stream at the discretion of

the user. Items omitted from the first data set will take on nominal values

(i.e.: values assigned within the program). Items omitted from succeeding

data sets will take on previously assigned values. The following is a complete

list of nominal values:*

*All logical parameters have a nominal value of .FALSE.
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Parameter Nominal Value

LAMDAB 0.

MUB 0.

NUB 0.

DNU 0.

I UMAX 0.

Vs 3000.

DVS 0.

VSMAX 0.

LAMDAA 1.5 x 1011

MUA 2.85 x 1010

RHOA 1.888 x 104

RHOB 4700.

EPSLON 1. x 10 11

EPSO 8.85 x 10- 12

EPSA 44.25 x 10 1 2

WH 0.

WXA 0.

DWXA 0.

WXAMAX 0.

WXB 0.
! DWXB 0.

WXBMAX 0.

MAX 15.

TITLE LITHIUM NIOBATE

lOP



91

The computer program flow described below shares a good many features

of the program described in Section IV. 1. As in the preceding programs the

nominal data values are set up first. Next the piezoelectric (P), elastic (G),
and dielectric (EPS) constants are read in (CONST DATA). Following this

the rest of the input data is entered (INPUT DATA).

At this point subroutine SETCTE is called to compute the transformed

piezoelectric (CE), elastic (CC), and dielectric (CT) constants. Next subroutine

ROOT is called. ROOT performs the calculations and calls the subroutines

necessary to perform the following tasks:

(a) Compute F(VS), the boundary condition determinant,

(b) implement a complex root finding scheme to minimize

IF(VS)I as a function of complex velocity (VS),

(c) perform the perturbation analysis.

ROOT calls subroutine F to perform the manipulations necessary to compute

the boundary condition determinant. F will be discussed in some detail below.

After exiting from ROOT and returning to the main program the trial

velocity (VS) can be incremented if it is desired only to compute F(VS) at

specified velocities rather than implement the root finding scheme or the per-

turbation scheme. When this has been completed the third Euler angle

(NU) can be incremented and all of the steps, from the point where SETCTE

is called to calculate the transformed piezoelectric, elastic, and dielectric

constants, are repeated for each value of NU.

Following this the program returns to read in new data in either of

the following fashions:

(a) If the crystal is to remain the same but the orientation of

the crystal face is changed (new Euler angles) the new

data comes from INPUT DATA.

(b) If the crystal itself is changed as well as the Euler angles
the data comes from CONST DATA and INPUT DATA in that

order.

When all the data has been exhausted the program stops.
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Subroutine F

Upon entering subroutine F a check is made to determine whether the

perturbation scheme is to be used. If it is not to be used, VS is set equal to
VSO (the input value). If the perturbation scheme is to be used a loop is begun

which will allow the numerical derivatives of the various determinants to be

taken by setting VS = VSO + DEL, VS = VSO - DEL and VS = VSO, in that order.
For each of these velocities the necessary determinants needed to evaluate Av5

(the perturbed velocity) are computed. The convergence of the numerical

derivatives is checked by noting the differences in the computed determinants
and Avs as DEL is allowed to take on subsequently smaller values.

The loop is begun by setting counters INIT and IDX both equal to 1.

DEL = EPS(LNIT) • VSO is calculated and VS is set equal to VSO + DEL.

EPS(INIT) is a small number depending upon the value of INIT. Three values

EPS(1), EPS(2), and EPS(3) will be used eventually as a convergence test on the

numerical derivatives. The program now proceeds to set up the M, N, and P

matrices as a function of VS (the P matrix is the cofactor of M46 and its deter-

minant has been referred to as K in the analysis section, K = det(P)).

When the determinant of he P matrix (DPQDX)) has been evaluated for the
first time (IDX = 1) a logical check notes that IDX $ 3 and proceeds to evaluate

the determinant of the N matrix (DN(IDX)). At this point another logical check

notes that IDX = I and proceeds to set VS = VSO - DEL and ID( = 2. The

program then returns to set up the new M, N, and P matrixes and evaluate

DP(IDX) = DP(2). The logical check following the evaluation of DP(IDX) again

notes that IDX j 3 and therefore evaluates DN(IDX) = DN(2). The logical check

following evaluation of DN(IDX) now notes that IDX I as it was before. The

program therefore proceeds to calculate the numerical derivatives ((detN)' and

(detP)' ) by the approximate formulas

2 ~DNP(INI'I)~ DN(l)-DN(2) and Dj~PNIT), DP(l)-i1'(2
(detN)' 2 • DEL (detP)1 2 • DEL

Next a new logical check notes that INIT 3 (it is still 1) and returns to the
point whiere INIT and IDX were originally initialized. It now increments INIT

by one (i.e. INIT = 2 now) and resets IDX = I. DEL = EPS(2) • VSO and

VS = VSO + DEL are evaluated and all the steps from this point are repeated

until finally the numerical derivatives are again taken with the new value of DEL.

iii
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Again the logical check at this point notes INIT # 3 (INIT = 2) and again the

point of initialization of INIT and IDX is entered. INIT is again incremented by

one (INIT = 3 now) and IDX is reset to 1. DEL = EPS(3) • VSO and VS = VSO +

DEL are evaluated again and the subsequent steps again taken until the

numerical derivatives are taken again at this third value of DEL. The logical

check following the evaluation of the numerical derivatives now notes that

INIT = 3 and thus sets IDX = 3 and returns to the point where VS was first set

equal to VSO. The perturbation loop has been bypassed and VS = VSO is now
used to evaluate M, N, P matrix elements. When the determinant of the

P matrix (DP(IDX)) has been evaluated the subsequent logical check notes

that IDX = 3 and all the quantities needed have been evaluated. It therefore

proceeds to print out the results. After this the main program is re-entered

to look for new cases.

The steps for any particular velocity (VS) taken to evaluate the elements
of the M, N, or P matrices will now be discussed. First quantities2 RVS = RHOB • VSQ " I
VSQ = (VS) 2 and JRVSQ=RHO. VSQ are set up. RHOL is the mass

'RVSQ = RI-OL VSj
density of the liquid while RHOB is the mass density of the crystal. Next sub-

routine STRIP is called to compute the coefficients of the eighth order poly-

nomial in a just as was done in the first program. Subroutine CROOT is now
called to calculate the roots (a) of the polynomial. If a non-piezoelectric case

is being considered the two extraneous roots are eliminated as in the first

program. The roots with positive real part are now selected (ALFAB(I) I=1, K).

If K ! I the case terminates. If K = 2 or 3 checks are made of various elements

of the matrix of coefficients (A) of the relative field amplitudes (P )). A 2 and
A23 are tested to see if they are identically zero. If they are not both

identically zero a degenerate case cannot exist. If the crystal is piezoelectric,

then, there are insufficient a's and the case terminates. If the crystal is non-

piezoelectric and K = 2 the case terminates also (insufficient a's). If the crystal

is non-piezoelectric and K = 3 the appropriate 's are calculated as indicated

in the analysis of the first problem. If, however, a12 and A23 are both
identically zero and a non-piezoelectric case is being considered, it is a

degenerate case and is so treated. If the crystal is piezoelectric a check of
A24 is made. If A 24 is zero and K = 2 the program terminates but if K = 3
the first degenerate case of the analysis section of the first problem has

arisen (sl, B, 4 1 0, 2 = 0) and is treated appropriately.
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If A24 is not identically zero a check of A14 and is made. If they are

not both equal to zero the case terminates since no degenerate case has arisen.

If both are Identically zero the second degenerate case of the analysis section of

the first problem has arisen and is treated accordingly.

If K = 4 and a piezoelectric case is being considered or K = 3 and a

non-piezoelectric case is being considered the P's are derived in the fashion

indicated in the first program. After the O's have been computed the quantity

ARAD = v is computed where LAMDAL (,X,) is the modulus of
LAMDAL

compression of the fluid. If no perturbation scheme is to be used the program

computes ALFAL = iI'XMXD' and tests to see if the imaginary part of

ALFAL (Im (ALFAL) ) is equal to zero. If Im (ALFAL) = 0 the negative square

root is taken; otherwise the root is taken so that Im (ALFAL) < 0 (this was

necessary in order that a velocity with positive imaginary part result as a

solution). The elements of the M matrix are set up next and the determinant

evaluated (det(M) = F(VS)). If the perturbation scheme is to be used the various

matrices indicated are set up as indicated earlier and the velocity perturbation

Av is calculated.s
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SET Uip NOMINAL
DATA VALUES L

II

READ $CNS DAT7A
PIEZOELECTdiCP)7-ELASTIC (G),AND DIELECTRIC (BPS)

REPEAT= .FALSE.

IL

r-VS=VSAVE

READ $INPUT DATA
LAMBDA, MU, NU, VS, ETC.

< IOF:O> 
V)

(=) END OF FILE ENCOUNTERED
READING $INPUT DATA

CVMAX= IVSMAX I EEUINTRIA
SNU=NUEXCTO T AD

I6

1.2 STOP

VSAVE=VS
EL=ECONEPSO
EC=-/ECON

FIRST= *TRUE.

CALL SUBROUTINE TO

LA 
B A 

SETCTE 
~ 

E C.1/

COMPUTE TRANSFORMED
PIEZOELECTRIC (CE),

ELASTIC (CC) AND DIELECTRIC (CI)
ICONANT
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NT=O

2.1

CALL SUBROUTINE TO -f f(vs) IS EVALUATED
CALCULATE (a) I f(vso) I FOR) IN FUNCTION F, WHICH
MAX=O OR (b) VS AT WHICH IS CALLED BY ROOT.

ALFAl 1=ALFA 1/VS

118

PRINT INPUT DATA, TOGETHER
WITH If(vs) 1, VSI, ALFA,

AND AL FAX (.TRUE1
(.FALSE.) NON-DEGENERATE CASE

VS =CvM PO17V IELPR
NOSUFAEAAV BISS

(D*-(GTRUE SEA FALSE3)_,
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IALF= .FALSE.
ICASE=O
IcB=o

K 2--4

L2=16
IBI=1
IB2=4
INIT=0

RUB(.TRUE.)PE gHM

INIT=IIT+1
IDX=1

VS=VSODEL--EPS(INI)+VSO

POLY =18L-S

CALCBUATE

ROT FPOLYNOMIAL
ALFA(I), 1=1, 8

NBE5TA:3 )
NBBTA 2

(=) ZERO -PIEZOE~LECTRIC
PIEZOELECTRIC

ELIMINATE THE ALP HA
CORRESPONDING TO) THE

POTENTIL

SET a=-10, -10)
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2

<ROO T U.
.OR. TU.

(.FALE.) NTEREDIATE ROOTS'(FLE)OF POLYNOMIAL

ALFA(I),1 =1, 8

PRE-SET ORDER
OF AS

K14-

SELECT ROOTS WITH
POSITIVE REAL PART

ALFAB(1),I=l, K

( -) K ) 1
PIEZOELECTRIC

NON-DEGENERATE, 4A HAS
LESS THAN 4 atss
TERMINXTTE CASE C12

.AND. (.ALSE4|PRINT OTK
(.TRUE.) FAET S

( _1 2 %A 3= .AND. FA S

ZERO- ZERO- IEZOELECTRICIALF=.TRUE. PIEZERIC 3 ALPHAS-M ( ZOJECTRIC

NBETA=3PIEZOLCTRIC f) ALFAB(4)-O.

C2 (.FALSE4

(.TRU(E.).AC .
12= 0 .FAL

24 .AD. (E.)-E.)
C3

(.TRUE.)X14 A1 D 34= 0

K=2 W DEGENERATE

DGNAT4 ROW, 2 ZERO CASE
DEGENERATE I ROW, 3 ZERO

CASE - 3 ALPHAS

I...
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3

00
* - .OR.~~~ (.TRUE.)____________

L PRINT OUT INTERMEDIAT
~I POSITIVE ROOTS

ALFM 11=14

A*J) I=1

*( >

PIEZO LECTRIC

(k=1, K4)

1 ROW,3 ZERO

HEXAGONAL CRYSTAL

SOLVE FOR0A (o k=1 ______________

Il£k = OA SOLVE FOR O'k (o 1 .)
12 22 3 23 4 24 1 A 2 1

ft + 1kA +Ik of ,k; +1 2 ,; ~
2 23 33 4 34 1 kA 31£k 2 ~ 2 3 1 4 1

kkk 02, 0,; 4

I ~A ft AEA(),=
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DEGENERATE DEGENERATEI ROW, 3 ZERO I ROW 3 ZERO

RE-ORDER a's PRINT our TYPEAND CALCULATE P' OF CASE cos

9 CALCULATE 8's

00
.OR.

ALL

(.TRUE.)

PRINT ou~r
,,RE-ORDERED a's

J4

DEGENERATE DGNRT4 ROW, 2 ZERO 4 ROW 2 ZERO
4 a's <4 2s

RE-ORDER a's (YES)
AND CALCULATE Sis

ICASE=4

RE-ORDER a's
AND CALCULATE O's
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DEGENERATE ZERO-PIEZOELECTRIC
ZERO-PIEZOELECTRIC

ICAE=6SOLVE FOR 01 2

RE-ORDER a's 2 12 A 3k13
AND CALCULATE B's 2 If 3 23B~~aki1. 8 kA22= o8kl2

L26 i-l.212 3 23

4SET Ak . BkO=0

4



:10

OR. RUB.)

ALALL J~

(.ALSE.)T

~64.
Ju5*6)IDM

ALFAL--ALFA ALFA1 fAZ

I , I

[EM(.6)=RVSQALFA) - 0-10-M',

CALCLATIal1-IK
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[CASE

SET UP M-MATRIX
BASED ON [CASE

il~L7~ - 4..FLS.)

ICASE TYPE (.TRUE.) EVALUATE DETERM
OFM-MATRIX

0 Non-degen piezo FVS
(4 ass) ET UP N AND P MATRICES

1 degen(I, 3) 4 a's BASED ON ICASE
2 degen(2, 4) 4 a's . F=FVS

3 degen(, 3) <4a's 6
4 degen(2,4) <4 a's
5 non-degenO0-piezo

(3 a's) IJI
6 degen 0-plezo

(<3 ass)



:11.041

(.FALSB4 .ER (.TRUE.)

PRINT
(R:EURNLFVSIFVSI'I
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PERTURBATION
SCH ME

EVALUATE DETERM OF P-MATRIX
DPQDX)

X3PRINT OUT M-MATRIX

VSO, DP(3), DPP(3)

EVALUATE DETERM OF I COMPUTE M4 6 AND
N-MATRIX DETERMINE PROPER
DN(IDX) SIGN

f E)OF M-MATRIX

IDX: I FVS

, PRINT OUT RESULTS

DNP(INIT)= DN()-DN(2) EPS, DNP, DPP, ETC.2. DEL

DPP(INIT)= DP(I) DP(2) F=FVS

!..

[ t
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3. Isotropic, Elastic, Dielectric Layer on Piezoelectric Substrate -
Program Description "

The purpose of this program is to determine the complex velocity of

propagation of surface waves at the interface between a semi-infinite fluid and

a piezoelectric substrate. The necessary input and control parameters are

described on the following pages.

As with the proceeding program, this program is set up to run on the

IBM 7094, using FORTRAN IV and Namelist input and the deck set up is again

identical with that described in Section IV. 1. Again, two input sections are

required: the first describes the material constants of the piezoelectric crystal

and the second describes the orientation of the crystal as well as other

information pertinent to the execution of the program. The first data set is

called CONST and is identical with that described in Section IV. 1. The second

data set is called "INPUT," and the following is a definition of each input

parameter. Medium A refers to the dielectric (elastic) layer and medium B,

to the piezoelectric substrate.

II
I

A i

ii

r 
'I
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Equation
Input Name Name Type Definition

LAMDAB real

MUB PB real Euler angles for Medium B.

NUB VB real

DNU &v real If the user wishes to vary v (NUB) from
some initial value, v, to some final value,
Vmax, in steps of Av, then set DNU
equal to the steps desired; also, see
NUMAX. (See VSINC)

NUMAX v real The maximum value of V (see DNU).max Vma x is only used when DNU X 0.

VS v real Initial estimate of velocity. This initial
value will be used to find a final velocity,
vs, such that If(Vs)I < E, where e is input.

DVS AV real If the user does not care to use the root-
finding scheme in determini ig a final
value for vs, but wishes, instead, to
evaluate the determinant If(vs) for particular
values of vs in the range from v. to Vsmax
in steps of Avs, then set DVS equal
to the step size desired. (For use when
MAX = 0.)

VSMAX v real Maximum value of v s to be used when
max DVS $ 0.

LAMDAA )L real
A Lame constants for Medium A.

MUA 1A real

RHOA PA real Mass density of Medium A.

RHOB PB real Mass density of Medium B.

EPSLON real A positive number used as a convergence
criterion by the root-finding scheme
(MAX > 0). If If(vs) I < e, then vs is
assumed to be the root required.

EPSO Co real Permittivity of free space.
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Equation
Input Name Name T Definition

EPSA eA real Dielectric constant for Medium A.

WH Uh real Frequency thickness product.

WXA UDA real Normalized distance into Medium A.

DWXA real In order to vary auA (WXA) from an
initial value, wxA, to a final value

WxAmax , DWXA must be set equal to the
desired step size. See WXAMAX.

WXAMAX mA real The maximum value of wxA to be used
max when DWXA X 0.

WXB wxB  real Normalized distance into Medium B.

DWXB & real In order to vary .wB from an initial
value, wxB, to a final value, 0Bmax,
DWXB must be set equal to the
step size desired. See WXBMAX.

WXBMAX icB real The maximum value of wxB to be used when
max DWXB / O.

ICHECK ---- logical ICHECK = .TRUE. - All FINAL ANSWERS*
are computed in addition to the evaluation
of the determinant If(Vs)I.
ICHECK = .FALSE. - FINAL ANSWERS
are not computed; evaluate determinant
only.

MAX ---- integer Since an iteration scheme is used for
convergence for a final root vs, there must
be an indication of how many iterations are
to be executed before divergence is assumed.
Hence, MAX should be the maximum number of
iterations the user wishes the program to
make (usually 15). If MAX is set to zero
(MAX = 0) the determinant I f(Vs) I will be
evaluated for the particular v value inpuc -
the iteration scheme will not re used. This
option may be useful if there is difficulty
in determining the range in which vs lies.

*The FINAL RESULTS, which are computed for all values of WXA (dielectric
layer) and WXB (piezoelectric layer), include the following:

Stress Components Mechanical Displacement
Strain Components Electric Potential Magnitude
Time Average Power Flow Electric Field
Electric Displacement
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Equation
Input Name Name I Definition

' TITLE .. BCD An alphanumeric array of 24 characters
or less used to describe the type of

crystal, such as lithium niobate. This is
input in the following manner:

TITLE = nH name of crystal, where n is the
number of characters following the H
(including blanks). For example

TITLE = 6HQUARTZ

HXAGNL ---- logical Parameter which controls the calculation
of betas (s's) for a hexagonal crystal
(such as zinc oxide)

.TRUE. hexagonal crystal (use
special technique)

.FALSE. non-hexagonal crystal
(use normal p'ocedure)

VSINC ---- logical VSINC = .TRUE. - New estimates of
initial velocity (vs) are computed using a
linear fit to the two previous values.
(Used when NUB varies over a range

NUB, NUB+ DNU, ... , NUMAX)

VSINC = .FALSE. - The same initial
estimate of velocity is used for all values
over the specified range of NUB.

lOP ---- integer Degenerate case options (used when exactly
four a's with positive real part occur).

IOP = I - seek modes of propagation of the
Quasi-Rayleigh or Sesawa type.

lOP = 2- seek modes of propagation of
Love type.

REPEAT ---- logical REPEAT is a logical variable and in its
usage, can take only one value:

.TRUE.

If there are no more cases to run after the
current case, REPEAT does not need to be
input. If there will be another case to
follow, but the crystal coefficients remain
the same, then, again, REPEAT does not
need to be input. However, if another case
is to be run and the coefficients are
different, then REPEAT needs to be input
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Equation
Input Name Nam e ip Definition

as .TRUE. This means that the $CONST
data will have to be input again (in the
other cases above, $CONST would not have
to be input again).

The following input parameters are all logical variables which are assumed

to be false (.FALSE.) in the program. They are used as switches indicating

whether or not intermediate calculations are to be printed. If any one, or any

combination of these parameters are input as true (.TRUE.), then certain

intermediate data will print, according to the following:

TABCTB Print the constants E, C, and T (the transformed piezoelectric,
elastic, and dielectric constants) calculated from the constants P,
G, and EPS.

ROOT Print the roots of the polynomial each time they are calculated.

BETA Print the values of Otj

DETERM Print the value of the determinant.

COEFF Print the coefficients of the 8'th order polynomial.

TABL Print the L matrix (or P, , ft, etc., when used).

ALPHA Print the roots of the polynomial (aBis) and the re-ordered roots
for degenerate cases.

ALL Print all of the above.

Data items may be excluded from the input stream at the discretion of

the user. Items omitted from the first data set will take on nominal values

(i.e.: values assigned within the program). Items omitted from succeeding

data sets will take on previously assigned values. The following Is a complete

list of nominal values:

*All logical parameters have a nominal value of .FALSE.

.1 i
IIL-l
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Parameter Nominal Value

LAMDAB 0.

MUB 0.

NUB 0.

DNU 0.

NUMAX 0.

VS 3000.

DVS 0.

VSMAX 0.

LAMDAA 1.5 x 1011

MUA 2.85 x 1010

RHOA 1.888 x 104

RHOB 4700.

EPSLON I. x 10-1 1

EPSO 8.85 x 10 12

EPSA 44.25 x 10 12

WH 0.

WXA 0.

DWXA 0.

WXAMAX 0.

WXB 0.

DWXB 0.

WXBMAX 0.

MAX 15.

TITLE LITHIUM NIOBATE

lOP
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The following is a description of the computer program flow diagram

provided at the end of this section.

The computer program for this problem shares many common features

with the programs described in the preceding sections. Again the nominal data

values are set up first. The piezoelectric (P), elastic (G), and dielectric (EPS)

constants are read in next (CONST DATA). Following this the rest of the input

data is entered (INPUT DATA).

Subroutine SETCTE computes the transformed piezoelectric (CE), elastic

(CC), and dielectric (CT) constants. Next, subroutine ROOT performs the

calculations and calls the subroutines necessary to computer F(VS), the boundary

condition determinant. ROOT will either minimize F(VS) (root finding scheme)

or simply compute it at velocity VS depending on the setting of the counter MAX.

Upon returning to the main program an option to increment VS followed by at

option to ii.-rement the third Euler angle (NU) is available as in the first two

programs. As NU is incremented it is also possible to update the initial velocity

(VS) if the root finding scheme is being employed so that a closer initial estimate

will be had as NU varies. The setting of a logical variable (VSINC) dictates

whether this updating scheme is to be used or not.

When the correct velocity of propagation has been found (either from the

root finding scheme or from plotting F(VS) as a function of velocity) the relative

amplitudes of the partial surface wave fields are calculated (ETA(l), ETA(2),i

. Next the various quantities of interest -re calculated in medium A (the
dhielectric) as a function of normalized distance (WXA) into the medium. Following

this the same parameters are calculated in medium B (crystal) as a function of

normalized distance (WXB) into the crystal. For both media an incrementation

scheme may be used to increase WXA or WXB in equal increments (DWXA or

DWXB) irom some initial value to some final value.

Th.e quantities of interest mentioned above are as follows:

a) Mechanical Displacement (magnitude and phase) referred to

as MAGU(I) and PHASEU(I), I=1 to 3 in the program.

b) The electric potential (magnitude and phase) referred to as

MAGU(4) and PHASEU(4).

c) The time average power flow computed in the subroutine

PIFUN.
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d) The stresses computed in the subroutine TFUN.

e) The strains computed in subroutine SFUN.

f) The electric fields (El, E3) and electric displacement (DI, D2,

and D3).

Calculation of F(VS)

Subroutine ROOT calls subroutine F to evaluate the determinant of the

boundary condition matrix. F first calls subroutine STRIP to calculate the

coefficients of the eighth order equation in a. Next subroutine CROOT

computes the roots of the polynomial (ALFA(I), 1=1 to 8). The roots with

positive real parts (ALFAB(l), 1=1 to K) are selected as in the other programs

and the extraneous roots in the non-piezoelectric case are eliminated.

If K = 0 the case terminates since no solution is possible. If K j 0 a

search for degeneracies follows. K = I presents a possibility now which was

not present in the previous problems.* First A12 and A2 3 are checked (A

is the matrix of the coefficients of the unknown amplitudes 0( as in the

previous problems). If A12 and A2 3 are not both equal to zero the case cannot

be degenerate. A check is made to see if the followiiig two conditions both

hold:

a) The casc is non-piezoelectric

b) K j3

If both of these conditions hold the case terminates. If it is not true that

bo., hold then a test is made to see if the following two conditions hold:

a) The case is piezoelectric

b) K/4

If both of these conditions hold the case terminates. Otherwise the

program continued for now we must have either a non-piezoelectric case with
K = 3 or a piezoelectric case with K = 4, both of which are proper non-

degenerate c&ses.

If n12 d23 are both identically zero and the case is non-piezoelectric,

the program proceeds to the section where degenerate, non-piezoelectric cases

*Paf.e 37 of analysis.
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are handled. If, however, the case is piezoelectric I is checked. If is

zero the first type of degenerate case of the analysis section arises and the

program proczeds to that section which treats such cases. If A24 is not

identically zero then A14 and A3 4 are checked. If they are identically zero, the
second degenerate case of the analysis section arises and the program proceeds

to the section that treats these cases. If they are not both zero the program

goes through the test mentioned above (i.e. is it simultaneously true that (a)

the case is piezoelectric and (b) K # 4.

If (a) and (b) are not simultaneously true then we are dealing with a non-

degenerate, piezoelectric case and the program proceeds accordingly.

Non-degenerate Cases

The I matrix is set up for each value of a (k = 1, K4) where K14 = 4

for piezoelectric cases and K4 = 3 for non-piezoelectric cases. If the case is

non-piezoelectric the program sets 64 = 0, 3 =0 10 and solves the first

two equations for 01 and 02. If the crystal is piezoelectric and not hexagonal

is set equal to I and the first three equations of the set are solved for B1,

2, and 03" If the crystal is piezoelectric and hexagonal 01 is set equal to 3
10 and the second, tbird, and fourth equations of the set are solved for 02' 

3, and 4"

Degenerate Case 1 4(; )

This case is characterized by a decoupling of the equations for 0(') so

that three of the equations involve 1' V 3, and 64 only and one involves 02 only

as discussed in the analysis. If there are four c's with positive real part (K = 4)

the program calculates 1A22 1for each a and determines which a leads to a

minimum of this function. This now becomes a() while the other c's become

a(2) ,(3), and a (4). The program proceeds to work with the relabeled a's
and computes the O's as follows:

2~ 2 -'4
, I) 0I I= = 1,3,4; [3(-=0 6 ')=l

A( 7,('t) . JM( A(O )A) (OI

0 ( ) a13 34 14 33 () - 13 14 11 341 V)  (.t) ( -tj[4) 2 3n = (-)4 V, ) 2

11 33 13 1 A33 13

= 2,3, 4. The program now proceeds to set up either the M (10 x 10) or
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N (3 x 3) matrix discussed in the analysis and evaluates its determinant.

If there are less than four a's with positive real part (K < 4) the program

c;alculates 1i,221 for each a and counts the number (Ni) of a's for which
< 107 (this is close enough to zero considering the magnitude of the

individual terms in A If K = 1 and Nl = 0 the case terminates (case 1c2).

If K = I and NI = I the program sets 0) 010 I) =0 i= ,3, 4 and then

proceeds to set up the N matrix and evaluate its determinant (case lcl).

If K = 2 and NI = 0 the case terminates (case Ib3). If K = 2 and NI = 1
yile 07(1) _ 1

the a that yielded <l07 becomes a . The program now sets (1) = 10
202

and P!1 = 0 i = 1, 3, 4 and then proceeds to set up the N matrix and evaluate1
its determinant (case Ibl). If K = 2 and NI = 2 this represents an impossible

case and the case terminates (Ib2).

If K = 3 and NI = 0 then all three roots correspond to the (Pl, , 34)

split. The a's become a(2) , a (3), and a (4). The O's are calculated as they are
(2) (3) (4

in the foura case for a 2 a , and a4) . Only the M matrix can be set up and

evaluated for this case (case lal). If K = 3 and Nl = 1 the corresponding a

becomes a(1) and 61) = 10- 10 while EI) = 0 i = 1,3, 4. Only the N matrix

is set up and evaluated (case la2). If K = 3 and N1 = 2 or more the case

terminates since this is physically impossible.

Degenerate Case 2

This case is characterized by a decoupling of the equations for so

that two of the equations involve 1 and 3 only while the other two involve

and 4 oply. If there are four a's with positive real part (K = 4) the

program calculates A -A I for each a. The (2) values of a( which

lead to minimum values of 1A A - A 241 are selected and become a and
a(4). The other (2) values of a become (a and (  The program then

computes the O's as follows:

H
Fl I
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= 13 .10"10 3(2) = 13 • 10"1(0

2A2

-A%2 ) ( 24)
-22 222

~The program now proceeds to set up either the P or the Q matrix and evaluates

!, its determinant.

If there are less than four a's with positive real part (I( < 4) the program

*proceeds as follows:

If K = I the case terminates (case 2c). If K = 2 or 3 the program computes

4 4

the quantity 1A22 A4 4- 24 I for each a and counts the number (II) of a's for

which this quantity < 10 "- and the number (12) of a's for which this quantity
1 "5  10-5 is close enough to zero due to the magnitudes of the individual

terms in the quantity. If K = 3 and Il = 2 the a's become a(3) and a('4 ) and the

0() () A()() (4

sare calculated as they were above for a(3 and a.) Only the Q matrix is
i set up and evaluated (case 2a1). If K = 3 and 12 = 2 the a's become a(1) and

ct(2)~ and the 's are calculated as above for a(I and a( )  Only the P matrix is

set up and evaluated (case 2a2). If K = 3 while II $ 2 and 12 $ 2 the case

~terminates (case 2a3). If K = 2 and II = 2 the 's are handled as above (case 2b1).

~If K = 2 and 12 = 2 the 's are likewise handled as above (case 2b2). If K = 2
while I 4 2 2 2 the case terminates (case 2b3).

* Degenerate Non-piezoelectric Case

This case is charact.erized by a decoupling of the equations for ') such

J! ~that two of the equations involve 1and 3 only and one of the equations involves

3 3i

V I

V



117

B2 only. If there are three a's with positive real part IA2 2 is evaluated for
2 22 1

each a. The a leading to the minimum value of IA, I becomes a while the

others become a(2) and a3 The program sets 10-lO~l 0 i = I
and 3; Oct = 0, 1t = 0  /13 t . 10 10 t = 2 and 3. Either

the R or N matrix can be set up and evaluated depending on the type of wav..

sought.

If there are two als with positive real part IA22 is evaluated for both

a's and compared with 10 . (This is close enough to zero considering the

magnitudes of the individual terms of ,22 ). If 7 22 > 107 for both a's they

become 2) and a 3 ) and the P's are calculated as above. Only the R matrix

is set up and its determinant evaluated (case xal). If IA221 7 07 for one of the

a's this becomes a()l and the P's are the same as above. Only the N matrix is

set up and its determinant evaluated (case xa2). If 1A2 2 1 7 10 for both a's

the case is terminated (case xa3).

If there is one a with positive real part 2 is evaluated and compared

to 107. If IA22 I 107 the program sets 0(l) 10 l) = 0 i = I and 3.

Only the N matrix is set up and its determinant evaluated (case yal). If

JA2 2 1 > 107 the case is terminated (case ya2).

S ~ .Am., "
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DIELECTRIC

SET UP NOMINAL

LATC(G), AND DILECTRIC (EPS)
E L AS IC A D DI : S

IREPEAT=.FALSE.

VS=VSAVE

<END OF FILE? (YES) -

SNLJ-UBK VSAVE=VS
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kC.1

FALSE.) VSINC

VS=VSAVE 4(.T UE.)

K ,TIME=K TIME+1

ITM:

UPDAE INTIAIh iEOCT (s
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SETCTECALCULATE
RD PIEZOELECTRIC (CE),

ELASTIC (CC) AND DIELECTRIC (CT)
CONTANTS

--------------------------INITIALIZE CALCULAT1ON OF
ROOTS IN CROOT (MULLER,POL)

CALCULATE

Ia) f(vso)I FOR MAX=O
b) VS AND If(vs) I<C FOR MAX

>0

VSI=I/VS
ALFAIi=ALFA /Vs--18

IPTDTA, VS, VSl,

I f(vs) I, (ALFAiALFAI

2.2
(.FALSE.)

VS '0)
(=)i x -70SO.SMA

/d--(.ALSE.) EPEA1<

NUB=NLJB+DNU I v.vsovs

~>)

NUB=SN U  0)

.3 >v v v
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CALCULATE ETA'S

IDET MATRIX

0 PIEZOELECTRIC; NON-DEGENERATE

2
3
4
5 R
6 ZERO-PIEZOE LECTRIC;NON- DEGENERATE

< PRINT ET'7 7-,i3y

CALCULATE FINAL RESULTS
MEDIUM A - DIELECTRIC

CALCULATE

MECHANICAL DISPLACEMENT

MAGNITUDE PHASE

MAGU(I), PHASBU(1), I=1, 3

ELECTRIC POTENTIAL

MAGNITUDE PHASE
MAGU(4) PHASEU(4)

IFUN CALCULATE
TIME AVERAGE POWER FLOW

PlM,P2M

,TFN CALCULATE -

STRESS: TW31, TW32T
TW33, TWII, TWI2, TW22

SFUN CALCULATE

STRAIN: SII, S33, S12,
S13, S23

f I
I.. .... ...
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CALCULATE
ELE.CTRIC FIELD

ElE3

ELECTRIC DISPLACEMENT

DI, D2, D3t+
PRINT: WX, TOGETHER)

WITH FINAL RESULTS

=1)42MEDIUM A

MEDIUM B

WX=WX+DW (=)o
WXM ev x w x -- w -, o w x

T IWX=WX+DWXB

(9) CALCULATE FINAL RESULTS
MEDIUM B-PIEZOELECTRIC

X:WXBMA6WX=WXB<

CALCU=E FINAL
RESULTS, AS FOR

MEDIUM A
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DIELECTRIC

DEGEN~o
IDE I=O
JP=2
IALF.FALSE,.
ICASE=o
ICB-O
K 1=1
K 2=4
LI=l
L2--16
I13'=1
1B2=4

STRIP CALCULATE
COEFFICIENTS OF

POLYNOMIAL

ROOT CALCULATE

ELIMINATE ROO
(YES)CORRESPONDING To

THE POTENTIAL

.OR. (TRUE4PRINT INTERMEDIATE
.O. .RU~ROOTS 

OF POLYNOMIAL

Ell 01A r) 1
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1()02 1-10 W -13 0-10 0 -2) 13 10

2 2

Ism 0- (2. -0

0(3) 0(4). ; (3) 24 0() 24
44 2 2

22 22

(3) (44)o 0.03)04

0 0

The program now proceeds to set up either the P or the Q matrix and evaluates

its determinant.

If there are less than four a's with positive real part (K < 4) the program

proceeds as follows:

If K = 1 the case terminates (case 2c). If K = 2 or 3 the program computes

the quantity 2A 44- 4 I for each a and counts the number (11) of a's for

which this quantity < 10"1 and the number (12) of a's for which this quantity
>10 "5 . 10"5 is close enough to zero due to the magnitudes of the individual
terms in the quantity. If K = 3 and II = 2 the a's become M(3) and a(4) and the

(3) (4)Pis are calculated as they were above for a and a(. Only the Q matrix is
set up and evaluated (case 2al). If K = 3 and 12 = 2 the a's become a (I ) and

a(2) and the Pis are calculated as above for P(') and P ) . Only the P matrix is

set up and evaluated (case 2a2). If K = 3 while Ii j 2 and 12 2 the case

terminates (case 2a3). If K = 2 and II = 2 the Pis are handled as above (case 2bl).
If K = 2 and 12 = 2 the 013 are likewise handled as above (case 2b2). If K = 2

while I1 / 2 and 12 j 2 the case terminates (case 2b3).

Degenerate Non-piezoelectric Case

This case is charactarized by a decoupling of the equations for O ') such

that two of the equations involve 01 and 03 only and one of the equations involves

ii'
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a. 2

ACI
.AND. (.FALSE.)

C23

(.TRtUE.) IEZOELEC (TU),

I' (=TRUEE4

=0.AND.~123 Kj i3

(.FALSE.)
IEZOELECTR

(YES)

(.ALSE.24= DEGENERATE CASE I

4 (1 ROW 3 ZERO)

DEGENERATE CASE 2 14

(4 ROW, 2 ZERO) (.FALSJ3.)

,I
.AND. (TU.
AC34

(.FALSE.

NON-DEGENERATE

-i!

~ I.
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PRINT:
'NUMER OF ALPHAS= t'K';-
CASE TERMINATED'

IALF=.TRUE.I

RETURN
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NO2N-DEGENERATH

IEZOELECTR (NO)

L PRINT: ALFAB(I) -- OT

- - - -POSIT1VE

REAL 1
CALCULATE PART

_______________

IEZOELECTR (.FALSE.)-
SET B83,84-0;

(.TRUE.) SOLVE FOR N

1K4A-4,Pl6ZOELECTRIc SCALSA-MATRIX 11 2 12 3 li
U4. 0-PIEZOBLECfIRIC) ~ 1  10 B2A2I+E'B' 2

A =1, 3; J=1, 3

4, A 4 ,A 4  -10 10

I TTR E.) XAN
SET Bj I; SOLVE FOR B1

1
=2. 4)

SET ALSE.

121 TB'I SOLVE FOR B 3

2X) +81A +B'A =-B'A 4
2 3 43 4 44 1 41 11 233 44

12 2223 23 4 2

2~~~~ 3233-43
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DEGENERATE CASE I(I ROW, 13 ZERO)IC=_iNDG=NDG+1
(=4) K 0~4)
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IDBT=IOP

I BM[N~i 22(ar1 )

I (k=2.4) MIN:1A2 2 ( ())I BMIlN= IA22(qk)

IA(1)=j
2 JA=2

IT
(kl,4 k:j (04)1 A )=I

=O i=D3,4~c?~

02.4

4
.CA

OB ;= I ND 31 (aAI0)
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(LEW THAN 4 c')

I ICASE=1

I 1))220 kl V9

(I ALPHA) ) (2 ALPHAS)

1.B-DEGEN=54.

DEGEN:I

O.A.O , I .A.3)
IDET- 1 DEGEN42:A,,tr =I, I=-1..3 (I.A.2) 4.2

LIA() =Il I

DG ()

()SETUP
MI =i'  CASE I.D.

IB2--IOR PRINTOIDIOT=2

L .TRUE4

PRINT CASE I.D.
(.FALSE.) AND

(0,2)
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DEGENERATE CASE 2
(4 ROW, 2 ZERO)

IC=2
qNDG=NDG+1

(4) K (0$4)

'0.1
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(4 ALAS)

IDET=4

JP=2

ICASE=2

BIX(1)= 1-122(aI) .A 4 a)-A 4c1
BMIN=BIX(1)

BIX(k)= 1 ;A22(ak) . A44(CV~ A24(VQ2

(k=2, 4)

(k= 1, 4)

(Kr- $ =1.4J.G=
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I L~~J

T

- 0, i=2 AND 4

k -10
10

(k=K 1, K 21

K2--

(.FALSB.)

k
0 " 0, i=2 AND 3

(k- 3, 4)

.1 0
K@

14 -0



(n1) SETLI

FOR PRINTUT 1

ALPHA

.OR. (.TRUJE.)

ALL

(.AS. A*p: TDDl*1E
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(LESS THAN 4 als)

DEG N IS 'I (=2,3)

( 2.C)

TERM= A 22 (at) 1 44 ('L) - 2 4(r) 2 1

I -(_. TRM;10 (0)

ili:xl+11 2=I2+1
IAI(1= I. A2(I2)= I

(2) < (3)

I
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(2 AS)

(Il2) (12=) (OTHER)

2< 10 5  2 10.

I - DEGEN-141
DEGSN=1O DEGEN=12 2.B.D3)

(2.B.2)

IA(3)=IAI(l)lA(4)=IAl(2) mlt2t
IDET=3 IA(2)=IA2)
ICB=2 ICBT=4
IBI=3 ICB=I
I B2=4 IB=2

.. 5

=1)

SET UP ()
CASE I.D.

FOR PRINTOUT

LPHA

ALL
PRINT: CASE I.D.

AND a's (.FALSE.)

16).=i EGE >1

12)

4
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S'1

1@
(3 ALPHAS)

(J112) (12 2) (OTHER)

DEGBN9 DEGENzU DEGBN-13(2.A. 1) (2A2 (
D

2.
N

A-' DGB=3)L~ J L WJ

.1^ I2 Aa
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ZERO-PIEZOELECTRIC

(<4)

NDG=NDG+1

JP=-3

CA22-- jA(cr)

42))

i CAMIN=CA22

'A CAvCA22

(1) <()
(6(2)

(2 ALPHAS)

r--(2) 1(0)--

(EEN1)I DBGEN=16
(X.A J(1)=j(X .A. 1)

* I J(1)=JIDBT=5
IB2--1 IBI=2
DEGBNI7 1B2--3

(X.A.2) I- IA(3)=2
IDET=2 IA(3)=2

K 1=2

K(2
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I~( (ALPHAS)

DBGBN 20 (1
(Y.A. 2) DGN1

(Y.A. 1)

IDBTu2
3D2=11 ~ ~~4.2 II(1

K 1=2
K 2--3
IDET=IOP

o (--1)

(jil) IDET=5

=10
2

Oi 0= 0(i= 1, 3,4)
icW==
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7

ALPHA.OR. -TRUE.)

ETAMB I m BE AB E A

EALEL-MT

CALCtULATE:T

INEMEIT (i1,B 6)TAASA

EVALUATTE (#2) RI~

EVALLCULATE:

NDIMi=,6 -ALA

(3x3)3

NDIM=IB(3 x13
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SET UP L-MATRIX
L( l,J); J IDET >3

J=1, 13 IDET 3

I(=o)

L-MATRIX C)O)

DBAL.=vsL F EVALUATE FVS USING APPROPRIATE MATRIX
NDIM=13
(13 x 1.) IDET MATRIX NDIM

1 io

2 OR 3
3 7

4 t  6
ft 6

6 0-PIEZO 9QNON-DEGEN)

*1
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t F V S M A G 

I~ v )

TABL

.OR. (.TRUE.)

AL

PRNT
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APPENDIX I. ELEMENTS OF THE L MATRIX FOR THE ELASTIC-
CONDUCTOR PIEZOELECTRIC SUBSTRATE PROBLEM

The subscript p corresponds to the piezoelectric medium while the

subscript c corresponds to the conducting elastic medium. The C Is and e isij ij
correspond to the piezoelectric medium while A, pi correspond to the conductor

(Lame's constants). The expressions for ic are easily obtainable from

equation (20) and are as follows

(1, 2) + ,(5,_6)

(,4)= + 2~
c 2V +Av

The elements of the 10 x 10 boundary value determinant are as follows:

L [B'" i = lp,2,3 -t= 1, 2, ... , 6"
i ci

L = C6) = 1,2,3 t= 7,8, 9, 10

U(cl c c3" [ =1,2,...,6]

.(6) [jC + r(-6) c5]" O(k-6) Ej C +I(6) C

4t= p C15 p 55 p56 p  45

. R(.6) [j C5 a(I-6) - [ e P-6) e35 It[= 7,e8, 9, O ]p3 C3 5  p4  15 p 35

L R=L5 = S( )"h') 6"

= t,(-6) [ C ]. 1( 6) [j + (&6) C "1 pI 14 p 45 p2 46 p 44

p3(t6) j C45 + 6) C 1-(6) j e 4  e3] [1=7,8,9,10]
p3 C 4 5 +34 p4 p4 34
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7L=j0L() X+0= I2, ... ,6 

I.0 (t--6) j C ~(t-6) O35] - fL6) [j C (, +a 6 )
L~= pi 13 p 3 p2  36 p 34

p3)E C35  33 p4 ~~ 13+ap& 6 ) 3 3] L7,,

LT,= 0 [t.= 7,8, 9, 10]

a(W di/vs
C

L 8t = L5 U e, 2,.. 63

L8 = 0 [t, = 7, 8, 9, 10 1

a ( t /v s
L 9t L L6-te is [=,2, .. 6

=L 0 't = 7,8,9, 10

LI~= -0 [It = 1, 2,..., 61]

L -(t6) It= 7, 8, 9, 10]LloC p4
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APPENDIX u. EXPLICIT FORMS OF THE ELEMENTS OF THE MATRIX M
ASSOCIATED WITH THE FLUID MEDIUM PIEZOELECTRIC

SUBSTRATE PROBLEM

.= .1010 , = 1,2,3,4,

M1 5 = 0

M6= -1,;

M
M = 4 ) , = 1,2,3,4

U = -1

M2 6  = 0;

m3  = o-Io Ne 3 + ( +04) + a~)e
U 13,ae 3 5)+ 2 (j 36  c 34)

3 e3 5 +a e3 3) 4 ~ 13+ 33)] 1010

= 1,2,3,4

M3 5  = - .0

M 3 6  = 0;

m~~ ~ ~ (1033)~,)

3 3 c33)+ 4 ( 1 3 + e3 3

t= 1, 2, 3, 4

M 4 5  0,

pt v2

M4 6 a 10
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M5 ~ ~ o 15 + C~c +4) (j C~ +5 ~~~ + 2 6 c 45)

+~~5 1jc + t 35) + 'ke 5 + ()e 3

'= 1, 2,3,4

M5 M56 =0
55- 56j+ JZ 5) + oc +,

14 c 5+ 42 46 % 044)

+0) 3 04 5 + a#)C ) +~ $0 e + a~~e

M65  M 6

The factors 1010 and 10-10 are Introduced to make the real and imaginary
parts of all elements of the matrix on the order of unity.

PI

, 4 , 1 , 2 3 s 4

M55 M5 = 0

M6 B)(JC4 +c 45)+ ) (C46 I-44
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APPENDIX Ill. ELEMENTS OF THE L MATRIX FOR THE ELASTIC LAYER
PIEZOELECTRIC SUBSTRATE PROBLEM

L= 1010 [i=1,2,3 t.= 1,2, ... ,6]

L= -.(c6) . 1010 [i=1,2,3 t-=7,8,9, 10]
ut ci

LIL= 0 [=1,2,3 tII, 12,13]

L4t: Id 0a dO)dl + j Id M [t1, 2p 6]

L4-( 6) [j c5 -6) Ej c56-+- ( t''6) c4 5 )

('6)c [j c + ("6) c3 0(-6) [j e5 + a('6) e3

c3 55~~ ~35 c4 Is e1 + e35
[.t= 7,8, 9, 10]

L= 0 [= i, 12,13]

L5 d ( ) d (Q  [ ,2, e..., 61

.8(-6) [j c + (t-6 ) c s -2('6) [j c 4 + ( '6) 4 ]

c3 445 c 34 c4 J e4 c 34

[.t = 7, 8, 9, 10 ]

L = 0 [t= 11, 12,13

L6= Jd At() + ( d Vd' V) (P)dl (Ad+2 d3

L= "t 6) [j c1 3 + c t 6) c350-6 6) c34

6t,- 6 cl 13-3 c2 () I.6
. (-6) [j c +(t 6) 3(] 4 6 [ . 3 +c- ]

c3 3 57,8 33 +0"
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0 i= 11,12, 13]

LT= L4%eVd S

L 0 =7, 8,..., 13]

cL('!) Oh/v
18ti L5 Le d = 12, ... 61

L = 0 Et= 7,8, ... ,131

L L 6 e s [ 1,2,...,61

L = 0 [= 7,8, ... ,131

L 0 [t= 1,2, ... ,6

L =  -6) =7,8,9,10J
104 c4

L- U= 11,121

L1Ot= 0 C = 131

L 0 [t= 1,2,..., 10

"h/v s

L eS

Llit 11 =  e

ou/v s

11012-h/v s
lit, 13 = -
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L2= 0 =1,2,..., 6

L = [vl--6) E e+ (t- 6) e + (t- 6)[je+ 6eI1(' 6) [j e3 6 + 6) e3 4 ]

L1+c35 6 )%[j e 3 +c 6 e 3 3] c [ e13 +(t6) 10"c4 33 10 0

t= 7, 8, 9, 10

L10 10

- 10

LI 0
LI2 0 12 = ,2,.".10 00

L12, 13= 0

LI13, t= 0 Et= is2, .. ,10

" b /v s
L1 3 1 1 = e

ull/v s

L13, 12 = -e

L -jh/v s
L13, 13= "F e
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APPENDIX IV. EXPLICIT FORMS OF THE POLYNOMIAL COEFFICIENTS Ak

The elements of the matrix A have the general form Aik =a ik2

+ j bika + dik where aik' bik, and dik are easily deduced from equation (6).
Therefore, the determinant of A can be expressed as the polynomial

Al 8 + jA2
a 7 + A3 a6 + JAla5 + A5 4 + jA6

a 3 + Afa2 + jA 8ca + A9

with coefficients

A = (-1) H.kt S
[j, k, m

A2 = ()h [H j k Z Dr + Ijkt S ]

[j, k,, mJ

A1 3 [ ., k (l 1)h [J Vm + I jks m ]

h[IA 4 =(1) Ijk V m + jjkt Dm + K jSm
1j, k, t, m

[j, k"_Vm }  m Lk

A = ()h [KjV +Lk +M Sm
6 jjktm jkm} m jkt, m(j, k'T m
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A7  (l~[L. V -M. U + N.k
JkU m Jt jkt.ik, M)

A ( )h [M V +N. U8~X jk jkt in

A9 k- h k V m

fj,k, M)

j, k~, M) refers to a sum over all permutations of 1,2,3.4. There are 24terms in each sum. h is the number of interchanges for each term necessary to
to return the indices to the order 1, 2, 3, 4; and

H jkt = alj a2 k a3

Ljk =ai a2k b 3  +(alj b2k + blj a)a 3

Jjk = a1 . a2k d3 " (abk + bl a k) b3 ,t

+ (alj d2k - blj b2 k + dj a2k) a3U

K kL  = (a. b2 k + blj a2k d3 t - (alj b2k + bj a2 k)b 3

+ (lj d2k + dlj b2k a U

Ljk = (alj d2k b2k 2k) d -(blj d2k + dlj b2k) b3.

+d1  dk a~i-j d2k aUg

M'k. = (blj d2k + dj b2 k)d3 + dlj d2k b3 1,

Njk = ddkd

Njkt, = Ij d2k d,
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U -bIn 4m

4m
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APPENDIX V. COMPUTER PROGRAWv

- WObAY PHASE N4. 12/31/65 000109 PAGE I1
$10 * 1414 M4C~hMAY PHASE 0.4 000109 112244 12/31/49 000109

6 TCP TIME.PAGES.20.DUNP
SaTUP L14 CRYPLT
SL CGNTINUE

AETURNING TO 35515.
J1l1JOB " OEGG
IShFTC 4.11483 OICN.DEOUG

CLINBC3 MAIN0020
coGOLD LITHIUM AND LITHIUM NIOBATE MAINOO30

c. MIA IN0040
C.S..ie*.em.. SS* A..*.~ *..oe~ee~eSSS**.~e.*e MAI NOOSO

MAINO060
VINEhSION PANCLEE 151)

:IMENSIOM :Xtl),YYj2)
CIMENSION ETAlI

CIMENSION REII1S1)
CIRENSION CETRAYI1O0I,DETIAYI10OI,VSARAVIIOO).AAAAAI200I
CCM4PLEX D0J.41
INTEGEg SLIMNIToELZPZT
LOGICALRTT
ICGICAL GETOUT
LCGICAL NEGAT
LOGICAL MUIT
LCGICAL ICI4ECK
CCPMON IROTAT/ ROTATE

CCMRCNN /GET/tETOUT
CCM0O /PLOTS/ICHICK

tATA XXI0.,10.1 /,Ys.ts./
0IMENSION DEGIIS11, TITLES(41
0IMENSION VELOCI181I. VELOCIIIISII, VEL43621

CCMM"CN /21/VR/K CCf201sCEII?JtCT(I
COMMON __III/LASALFAIISI, ELIIOOI. ALFAA(61, MAINOOSO

* ALFABI41, BETAAI3,61. BETABI4,41. EPSO, MAIN0090
* UA, LAMDAAoA M66, LANCAB, NUB, :HOB. MAIN 0O

"'VSo KS, EPSLN DIG IT, N, NRA NEB ELt MAIN1 C.
KI', ALL, ROOTS, ITER, COEFF, DETERM, POLY, MAIN0120

* ALPHA; BETA,MAX MAINO03O
CCMMCN 16PEPS1_6421 I PCIAl) EPS19) MAIN0140
COMMON /FLAG/ ONCE /BETAN/ NBETA "MIS

*/CSET/ CLIM, ELIO., ILIM MAIN0160
CCMMON /FROOT/ FVSMAGs NT. ICASE MAINO1?O

/ CON/ ACAP, EPIR MAINOIIO
/ CIA/ IJAW4 MAINO190

* - /lk$SSL AF MAINO195
* /CIFL/ a.XAGNL

INTEGER PLOTITI61
CCMILEX XEL13,31, FXL. XL12,31. XE1421 MAIN0200
COMPLEX ALfA, FVS# EL, EA161. E214), UA431, U11131, ALFI, MAIN0210

A LFAA, ALFIS BETAA* BETAls ETA1lO), II MAIN0220
- - -b C9TCsSX MAt N0230
CCMPLEX TI-UN, F1IUN, U, EX141. PIN, P2M. MAIN0240

T 3 !.2, 11133,TMIu, TWI2i TO 92 S11 22, S33# MAIN0250
*S12, S 39 C, 02, 03, JIMA. E " 0AN260REAL -M". j.AROAAt MUh6 LAMOAB, NUA, NUB, MAINO2?0
* AGUI I. PHASEU141, UMAX. TITLES',) MAIN0280

LOGICAL ALL. ROOTS, COE F. OTE RM. PGLl, ALPHA, BETA, MAIN0290
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*-AIL ICIIECK. ACAP. IALF, NAIN0300

*REPEAT. OhCE MAINO310
LIk*O3 CO~bAY PHASE N64 12/31/69 000109 PACE I

LINS03 - EFN SOURCE STATEMNT I FNI$5)-

EQUIVAI.ENCE I VELll) VELOCEII It I VELOCI(Il. VELIIIZ) I
EQUIVALENCE I TITLE. TITLESEIS I
CCU IVALENCE ICCII). C111. ICC121. C131. ICCd)). C141. 4CCI*I,CISI*NAINO320

* CCISI, C33). CCf60l. C3*). (CCI?l. C351. (CC I$# vC36 #MAI 0)30
, CCI. C44d I CCIO)C4519 ICC4ii).C4&). MAIN0340
1 CC1I21.CSS). (CC4i319CSA). (CC4).CAA). MAINO0_____:1* CCIISf.C1* ICCI1)o Eli). ICE42I.-E13i. -A--4---- - -- _______

*ICEIO).9 E31 * ICEIlls E331. IdCE). 134). 04AII031 I iO),30I ITII): TEb

EQIA ENC CC(10),Ci2). fCCill).f2s). ICCIII6).C20 NAIN04l1
* CC1I9).C24). 4CC4201#4231, 4CE1li),E12l. -NAINOA2O
*ICEIl219E2) ICE113).E21) ICE1I4),E2319 MAIN04300
*ICEIIS).E24), ICE416).E25). fCEII7).E26* NAI"044O

-1*ICT141t T211o ICTIS). 7231 NAIND4S0

PANELIST /INPUT/ HUA oA0A ElbA 6.LANCAl. AUS, RHO06. MAI"04?0
* S o EPS N b WXA , RS EPM AIN04b0

K L, KM. ALL, ROOTS. COEFF, OETERNP MAIM049O
P POLY, ALPHA# BETA. MAX, fPSO. MR. REPEAT, 14AINGS00

*ICHECK, DVS. VSNAR. ACAP. CLIM, ELIN, TLIN, NAIMOSlO
* DNU, NUNAX. CMI. MINAX. TITLE HMM V-

A.MNLITAEOTATEEAMELIST ICONST/ 6, P. EPS NAINO530
MAIN0940
NAIMOSSO

CATA CRCCi/f0..0.lqlI.f.l/ NAINOSGO
CATA TT31o 1732, TT33. TTIi. TTi2. TT22 / MAINOS7O

*314131, 3H4132. 3HT133. 3HTh. 3H4T129 314T22 / MAINOSSO
CATA SSIi. SS22. SS33. SS12: 3SS13: SS23 / KAIM0590

*3HSii. 314S22. 314S3 3N4512. 3S13, 311S23 / "A "0600
CATA 001. 0029 003. U41, UU2v UU3 / NAIN0610

*24401. 2M029 2N4039,2ftle 214U2. 21U3 / M4AIN0620
CATA P I, PP2M / INPiN. 344P20 / - AN&0i.
CATA Eli, E l). JIMAG / 2HEI. 2143. 10. . 1 .' AIN04 0
DATA TITLEIII) / 24N4L171H11 NIOSATE I NAIMOOSO

RECALL 773 SKII JJJK)

CALL CRTPLEI.0)JI
CALL PLMTI 0..2.3 1
CCI 20 11.11ANGO

EPLO I.E-il "A "0690

EPSC 4.9 .5-12 MAINOT2O
fpsm 1 . MAIMO?3O



j 157

I-. LIam C IMY. PHAE Nmme 12/31J1 000109 PAGE 2
LINSO3 -EP#S SOURCE STATEMNT IS$

MA3N0730

OUA 9 Hd~l AMMTS
IAOA A .S NIO?A

WSAVE 3!00. "AENOTTO
_;bS 0. MAIIIOMB

-~ b 3:K-0. MAINO 90
ORBIT 3. A#OO
CMJ .0 ARNO2OO

KS.A -0 MAR MNO0
KmU 0: MA N082

MAAN-84
ALL * .ALSE. ARNOB9O

KL TjS , - NARNOO

DETERN5 ' 0P L E 
A 0 3

ALLBT FALSE. AN8
-POOY *ALSE.NANO
C EF FLH * ALSE. MAR 10920

ACA EI FPALSE. NARN0
NEAOML.FALSzE.

'EC, .FASE A 09

Pail T. FALSE.

A.IN U DA A .... A NIOOO
510 *;lA CSTI NANNIOZO 22

1 FCRAAT AAA IRACIs I I TITLESIRS. 31,14 1 23

KCIET.0

* KMT2.Pl
KNI 3-0
REPEATS;V*PALSE. NAIN1030

KTIME - 0 NAINIOSO
READ 15. INPUT# NAt:10OAO 36
SNU : NuB NAIIOBO

RE*DIW? I-,ITI.11 36

S30 SYLii. -TM - -M M.IO

CNCF - *TRUE. NAINI lAO

NAINII?-
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L IN803 CONWAY PHAS 4 12131/69 000109 PAGE 3
LINSO3 - EFN SOURCE SAEEY - IhS

C.....ALCULATE COEFFICIENTS .. NAINllso
CALL SETCTE INUB, NUB. LAMOAB. COEFF .04. ALL NAA1NI190 53

IPI (ChECK) 6O TO 2 
M20C...CM.ICULATE ROOT AND OLTPUiT RESULTS .. -A N121

*1VSO - VS MAIN1220
NTO 0 "' :1230

550 CCkTINUE NAt 1240
CALL RODV(VSO.VS.N,FVS,EPSLON.NAX.S5OI0 59
IFIGEOUTI GO TO t?
IFf PLOTITIT) *ED. 0 1 GO TO 32

11 RaIG,,tNT + I

WS VS2 NA IN1 260
V52 VS NAINIZ?0
*141 * £2 MAIN1260
DIK2 * MJ:V NAIN11290
VSI1 /S NAIN1300
CO 615, I. a MAIBN1t~31O

&IS ALFAIII:6: ALFA(I)/VS NAIN1320
bRITe . 650)( KS TITLE, EPSLON. NA ,1330

* L,: KN. MAX, N, NUB, LANOAS, NUB, LAMOAA, IJA, N AIN134O0
* 1140* NOR Cm H ,VSVS,,VSI; FVS, MAINI35O
* (ALFAI II. ALFAillI), "A * , 1NA 36O 78

FUNC1. IS00,LA"OAB.NUSNLB 87

150PUNCH 1S02.VS,VSI.(ALFA4lJ,I11.4 so
hPSTE (2. 6301 KS. TITLE, EPSLON. MAIN1330

KL# RN, MAX. N, NUB, LANOAS, NUB, LAPDAA, NUA, RAIN1340

H1OA, RHOS,. NH, VS09 VS. VSI, FVS, NAIN1350

RALFAi) ALFAIEI). I - 1, 8) NAIN1360 95
650 FCRAT 41141.20X.4HKS *,12PSX. 4A6 /1140,6X, MAIN1370

:IPLO1,EL'LlI!5:7,3X,32ILCLE ESS OF DETERMINANT TO ZERO/IH ,6X, MAINI38O
2HK , 14,3 1 X. 4HO - COMPUTE FOURTH ROW OF L MATRIX/IH * AIN1390

*32X,2241 - SET FOURTH ROW - M/N1 6X,2hKM.5X.11M.#13*ISX9 MAIN1400
25140 ELECTRICX FIELCO ICOTH)/114 *32Xo2SHl - MAGNETIC FIELD ITANH)MAIN141O
/ /11 *13HNAX.4KHIN-, . XZBNNXIMUM NUMBER OF ITERATIONS/ NAIN1420
IN 11.6X,114146X.IH-.13I31Xt34)#4UMBER OF ITERATICNS ACTUALLY USED/ MAIN1430 ) 1
1H ,6X.SHMU S *,E1S.7X@9HLANOA B t,1./1 6X.BHNU B -, NAIN1440 ") I E1.?X.914LANOA.A *,1711H :6X,I14MU A .6,E15.7/1H ., MAIN1450

* 114114 A *,E1 .:;X9H1M B;,1./H,6,IVl 1 5.7/ NII6
IN14 6K, MAIN1470

.. *HS0 EIS.?.3X#16HINITSAL VELDCITT/1H0,6XZNVS,5K,1HE1S.?t MA IN1460
* 3X.*12HFINAL VELOCITY SUCH THAT FIVS) *LT. EPSLCN/1H ,6X. NAtN1490

S~u2S Is%~~ MAINISO
* E15.7,3X,I3I4INVERSE OF VLERNIN2.11.11b NT.- 1,E14.?. MAIN1510II
1H,,E14. 7, 1 1 1NAIN1540

IFI IALF I GO TO 1707 NAA 141555
IFf *NOT. ICI-EC( I GC TO 660 NA N50
IFf VSO *GE. VSNAX I GO TO 1708 HAMMST
bRITE46.17051 MAINISSO 112
VSO *VSO ONS MAINIS90
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L INSI CONWAY PHASE 44' 12/31169 000109 PACE 4
LIN603 - 1M SOURCE STATIME&I - IPNISI

CC TO $S0 MAINICOO
450 CCMIINUE :NII1

IF I S *NE. 01 GO TO 1240 MAIN1S30
MAIM1B40

C..CALCULATE FINAL RESULTS FOR LITHIUM NIOSATE AND OUTPUT RESULTS.-.MAIIASO
IFI ICASE EQ. 0 1 GO TO 1000 MAIM1SAO
GO-TO 1 50. 100. 60. 110. 105 I. ICASE -- -- MAIN167O

C..1 NOW. 3 ZERO CASE ... MAIMItOG
MAIMI~lo

C... 4 ALPHAS 2 . AINI?20
S0 fTA(I - CXO MAIMITSO

*14141 - CxI MAINIT40
XLI 1.11 - ELISI MAINITSo
X142.11 - ELM? MAIMITS0
Xti1.2) - ELISI MAINITTO
X112.21 - ELIIZI MAIM178o

L 1.2 3 E 153 NAI#41190

CALL CMATSI XL, XET, 2, 1, 51740 1 MAINXSIO 123
ETAI21 - xETIII NAINI420
ETAI31 - XET1?) MAIN1S30
CC TO 1100 MAINU64O

MAIN1850
C... 3 ALPHAS I ... MAINISSO0

60 FTA(3) - Cxl MAIM1STO
ETA141 - CXO MAINISSO
X141.11 - ELIII HAIN1S90
XL42tl --ftl3). MA1Nksoo0
I L(1#21 - ELIS) MAIN191O
X112#21 - 1.01 MAIN1920
XLI 1.31 - -EL491 MAIN1930
X1(2,31 - -11411) MAIN1940
CALL CHATSI XL. ETA. 2v 1, 51140 1 NAIN195O 125

-6jC TO ijOO -MkAI96O
MAN 1970
"NNI98O

C C...4 RCWS. 2 ZERO CASE... "AI399O*100 ELI - CASSI EL(1)*EL(7) - ELtSI'ELI3) I MAIM2000 132
6L2 - CASSI ELt101*ELI161 - EL(14)$EL(121 I MAIN2010 133
Iff Ell-tE.-EU I GCTO 110 --- MAIN2020

105 F1411 - CXO MAIN2030
ETA121 - CxC MAIN2040

1 TA:3) : -X111141 IEL(I 0 MAIN2050
* ET1A(4 MAt N2060

GC TO 1100 MAI N2010
i10 EA11 - ELIS) FL1(1) -. ________ ANN20*0

ETAl21 - CXI MAIN2O90
- £TA(3.)*-CI -: A142100

ETA441 - CXC MANN211IO
G0 TO 1100 MANN2ZO

10010 IF IIETA .10, 31 CO TO 100 ANN213O

MAIN2 150~ E&1LiLRICSA~.,,,. -- - MAIN2160
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L1163 CONMAy PHASE N4 12/31/69 OO0109 PAGE 5
LINMO) - EP SOURCE STATENEhT - IFNISS -

EL13) - EL(i) . NAIM2170
EL41 - EL16- NAIN21 O
EL4SI --ELIO AI l:1 20

Ii 1(61 -16410820aC TO 1095 " - 1482210
_AIN2220

5LISI - EL(61 MAIN2240
11161 - 118 MA IN2250
ELI I - EL191 MAIN2260
ELM(6 ELIIO NAIN22TO
ELIO0 -11 41) MAIN2280

.. .EL(IlO - -ELI 131... .._-' 2 u.. ... .

E1111) --EL141) AIN2300
E(12 --EL.151 MAIN2310

1095 KO - 12 MAIN2320
CALL CHAT$ IEL, ETA, MaETA, 1. $17401 MAIN2330 146
- TA(4) - (0.,0.1 MAIN2340
lTA(hSETA7411 -= Er.;o. 1 MATMflS0

MAIN2360
1100 CCNTINUE NAIN23?O

klETAl - NGETA * I MAIN2380
WRITE I6, 11201 (it ETA(i), I - 1. NWETAI) MAIN2390 153
WRITE (2. 11201 (1, ETA(I), I - 1t NSETA1) MAIN2390 160

1120 FORMAT (lit1/1)4 ,-lX 368*o* *V 1'AL- tS- -- / --fN2 0"
* )I4O. 30X.I3HPARTIAL FIELOIIH ,21X,19HAELATIVE APPLITUOES/ MAIN2410

1 .14 17X. .2o 3H 4. E14.7, I,, NAIN2420

E £14.7, 11)4) NAIN2430
PUNCH 1502' IETAII'.1-1,41 167
GO TO 1600 NAIN24O

.... CALCULATE FINAL RESULTS FOR GOLD LITHIUN AND OUTPUT RESULTS..... MAIN2460
1240 P1 I MAIN2470

K - a NAIN24O I
CO 1310 I * 1. 9 MAJN2490
12 - M1 +1 MAIN2500
00 1300J P lI, M2 .. AfM2510
K - K I NAIN2S2G,

1300 EtIKI - EL(JI MAIN2530
1310 N1 - I + 10 MAIN2540

CO 134011 , 99 MAIN2550
K IK41 MAIN2560

1340 ELIK )- -EL41 MAIN2570
KGC - 90 MAIN250
CALL CHATS IEL. ETA, 99 1, $17408 MAIN2590 201
ITA(IO - 4l.,O.l _--MAIN2600
CC 1490 1 * 1. 3 M'- 'OR O
UAII IO.,) . AIN2620
U6(I8 * 1O4eOAIN2630
CC 1480J 1:'6 MAIN2640

1 F (Ii GT. II GO TON14 MAIN26SO
(IA * Ua CP ALF AtJ8EAIVS) MAIN2660 21S

IF (J *GT. 41 GO TO 1460 AAIN2670

1460 UA(Il - UAII+ ETAIJ)*lIETAAfIhJI*E4IJC MAIN2690IF Id C.G~ 41 G0 TO' 14110 MA1IN2700.

W IA (1) 1MN267S

I-
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LINS03 CONWAY PHASE 44 12/31/69 000109 PAGE a
LINSO3 - EFN SOURCE STAT(EET - SIS

USES)1 - U6111 # ETAfJ#61*8ETAAlSjl'ESfI MAIN2710
1480 CCN TSNUC MAIN2 720
1490 CCNTINUE NAt h2730

pqa- u0..O.l MA1N2T4O
CC 1520 J1 - 1, 4 MAIN2750

1520 PHIlS - PHIS5 4 ETA(J.430E51jl MASNZ?6O
WAITE 46. 15503 It, ETAiS). I - 1. 103. MAINZ7TO

1 ES UAES3. USES). I - to 3), PHIS5 MAIN2?8O 249
1550 FORMAT 41340/114 , 113, 363*0* F I N A L A N S N E Rt S S*/' RA5N2?90

* 1340 303.1334PAATSAL FIELO/IN *2?X@1934RELATIVE AMPLITUDES/ NAIN2800
*/10(134 * . 5,2. 334 1. E14.7, 134,. NAIN241O

E 14.7, I"10II . 21X. 234UA. 32X, 234U8/I NAIN2820
* 34 .6 314 t. E14.1. 134., E14.7, 4343 I. E14.7, 134.. MAINZSIO

E 14.7. 1343/134 , 24X. 934P34 8 to4 E14.7p 1"4.. MAIN24O
E 14.7. 1I")) MAIN285O

1704 hASTE (6. 17053 KASN2$6O 203
1705 KARAT (13413 MASN12S7

IFEGETOUr) GO 10 1?
SFIME6ATI Pli-MiS
S Fl EGAl) 3 UMAX.-NUNAX
IF(MEGATI N4IS-NEJS
SPE VSO *Gf. VSNAX I GO TO 1704 MASN268O

tVSO - VSO # OhS NASN2KO0
GC To0550 MASN2900

1707 boRSeiE(6.170 NAI12905 277
1706 IF IONU *EQ. 0.3 60 TO 1710 HAMM91

SPIPUSTI GO TO 35
hug - Nug * OWtI NAIN2920
SFI NIU&ST. NINAX 1 GO TO 1709 MA5N2930
GC TO 39

35 PLA.NUS*ONU
SF3 3UB.CT.NUNAXI G0 TO 1709

39 CCNTINUE
CALL OVEAtCKu 293
IFINEGAT, -UB-Nub

--IFljKE3ATLJAUMAX.,N"AL_ _ -
IF(NEGATI PIUS--NUB
SFI MAX E. 0 1GOTO0530 MAIN2940
VS -VSAVE MAIN2950
G0 TO 535 MASN2960

NAt N2970
1709 AbB. - SNU NAt N2990
1710 CCNTSINUE

C . NClLUDE PLOT ROUTINES HERE ..
SF3 PLOTSTII3.EQ.21 GC TO 34
IFEPLOTST3II.EQ.01 GO TO 34
C--ALSCALE3VEL.10..KOUNT.191O. .YNIN.013 313

1C44.L AXISIO.@0..243EOSRECTION OF PROPAGATION.24.10.0,0.0t..,S.0.
110.03' 316IFINUIT) CALL AASSIO.,O.#25NOIAtECTION OF PLATE WAGNAL,25.10.s

1 0.0.16.0,10.03 319
CALL AXISIC.O.0.O.21NSURFACE NAVE VELOCITY.21910.,99.O.VNSNOV9
1 10.03 321
-CALL AX3S40210tlO.1 ItIoO.t.q~ q0.I1. 323
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L 3N903 CONWAY PHASE N64 12/31169 000104 PAGE 7
1336103 -EFM SOURCE STATENEKT MI134S$

CALL AXISIIO..0..1H p1.10..90..VmIN.0T.1O.l 32S
CALL LINEIOEG.VFLOC.161,1.C9.0..16..VNZN.OYI 327
lPEKcGrnT.EO.1611 60 TO 36
CALL LINEIOEG.VELOCI .16l~l.O.O,0..16.VMM.OY3 332

36 CALL PLOTI7..O..-31 334
XCUNT.0

34 CC36IIIUE
IFIPLOTIT16l.ftE.31 GO IC S?
CC 6 JK-1.1631

06 0ELTAJItVELIJK*1B18-VELIJK)IIVELEJK+IS13
CALL AXISIGO....4NOIRECTION OF PRORAGAIION.24.10.,O.,O..10.,1O.D 350
CALL SCALEI0ELTA.10.,161.1,10..0NIN.OYI 352
CALL AXISIO..O..11I4OELTA V / V.11,10.,9C.,OHIM.OY,IO.f 354 - -- -

CALL AXISIO.vIO..1H .,0..O1.,.3356
CALL AXII(10..O..1tf 91,1O0.0ONIN.OV,10.1 356
CALL LINEEOEG.OELTA,1S1.1.O.OO..11..ONIN.OVI 360
CALL PLOTIX?.OO..-31 362

67 CCT1PUf
IFIPLOTIT12I.Eg.ol 60 TO 3?
CAo.L AXKIO..0.24NCIRECTION OF PROPAGATIWN,24,10.0..0..16.O.

1 10.01367

1 369
CALL AX:SIC;:!0..1H ,1:10.,O.O..18:;!1.1 371
CALL AVERAGE I . PSR ;LO0 OIETI?.3.0.9

CALL LlINEERX.Y.2.1,O0,0.....O..1dI3?
CALL LINE4OEG.PMDGLE,161.1.OO.0..16..-2S.,5.) 37
CALL PLOTE 17.,.,.-31 379
gehl.O

3? CCNTON75

CALL SCALEItl *. tK3Tl 1.10.RTMIN.ORI 38S
CALL AXISIO..,24HDIRECTION OF PROPAGAIION,.24,10.0.0OO.,16.0.
1 0.0, 367
CALL AXZSI0.*0.98HM3AGN 111.S,10.v90.,RTIk*DR.l0. 3 9
CALL LIIEIOEG.RT1I 9161.190,0..1S..RTMIN.OR) 391
CALL.PLOTII7.,0.#-31 393

75 CCNTIPIUF
IFiFLOTIT43.10.01 GO To 76

CALL St ALEERUI @I0..IKT2,I,10..RTIM.OA)39
CALL AXZSIC..0..24HOIRECTION OP PROPAGAIION.24.10.O,0.O,O..11.O.

10.08 401
CALL AXISIC..O.6NAG U3*6.10.90.,RTNIKOR,1O.3 403
CALL LINEIDEGRUI *1I1.1.O*O.O..1l.,RTNIN.ORl 405
CALL PLOTI 17.90..-31 407
CALL SCALE4RIkU1,10.,81NT2.1.10..RTNIN.DRI 409
CALL AXIStI.0-.24NHORECTION OFPAPOPAGAIION,24.10.O,0.0,O..11.O,
I Mal0I 411
CALL AXIS4C..0.,6NPHASES.610.90.,RTIIhR.1O. 413

CAl.L LINSEEEG.RIUI1,1.100.00.ol6.,RTPIN.0RI 415

CALL P1014 17.,0..-31 417

IP4PLOTITISI.EQO 0G TO 74

CALL SCALEIREI *1O.,K3T3#1#I0.#RIMvRl 423
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LINSO3 CONWAY PHASE 114 12131149 @00109 PAGE a
LINGS03 - ER4 SOURCE STATEMNT - IMNS)-

CALL AXIS(0..O..Z4HOINECTION OF PROPAGAIION.24,10.0t..O..O 2
10.0142

CAL XS(...7HAG4C1S.0.9., :D9,R.1C.1 427
CALL LIE OGRI , III It.O0 is 1: I4ORI 429
CALL PLOTE 17..O..-31 431

EfhD FILE 2 433
17 CCNIINUE

IFICETOUT1I NC FILE 2 435
IFIEFOUTI NOUNTO0

:F:G:TOUTI KONT:OZF G TOUTI N9TI.0
IFIGETOUTI K94T2.0
IFIGETOUTO £9413.0
GETCUT -.FALSE.
IF ISEPEATI GO TO 510 MAIN3000
GO TO 520 MAINJOIO

94AIN3020
C..EPSCR - L MATRIX SINGULAR .. OAIN3030
1740 EsNITE 46. 17501 (EM)I, I - 1, XGO) MAIN3040 451
1750 FCRPAT 442HI1004 L MATRIX SINGULAR (O04PT O4Y C0LUNSI// KAMM405

I'M * 6E15.711 MAI193060
GG TO 1706 94*A9N3070

... CALCULATE A0IIOAL PARAMETERS FOR LITNIUM NEO&ATE... MAI Do09
1790 hRITEI6.1705) HAIN3100 4599
1800 CC 1510 1 - 1. 4 MAI193110

4 * I NAE 941:3 120
1510 ECIII - CEXPI-ALPA5IJIeVI/VS) 14AIN3130 46?

CC 14901- 1. 4 MAIN 3140
L - g0..)~ MAI113150
CC 1550 9 - 1. 4 MAIN3160

1550 L - U * ETAIKIS6ET*SEIKI*EXfKJ MAIM93170
_PAGUIII - CAISIUI 'A*1943180 451
PhiASEUIII - 0. MAIN93190
IF 4946GW II .NE. 0.9 PHASEU(II ATAN2(AINAGIU),REAL(U)S57.2977994A93200 456

1590 CC94TIUE 94*A943210
El - U MA*393220

94AI943230
C..CCMPUTE TIME AVERAGE POhER FLOW.;b CIS C3, llA 3240

PIP - PIFUNIETA. ClI, CIS. C16. C14 CtS Me3 El.AIN 4*3250
Cio, C96o C66, C46. CS6* C36, EZA, 636t M4*393260
CIS, CSS, C36. C45. CSSo C35, EIS. E351 MAIN3270 492

SPECL.SORTESORTIREALIPIPI02,AI4IP**2h 493 494
5294 - PIFUN (ETA, Clio. CS6. C46. C46* C56, C36, E16# E36, 94A593280

C42t C25. C26, C24o-C25o C23, E12, E)29 4A19N3290
Cli, C45. C46, C44. C49, C34. E14, E341 MAIN93300 495

IFEPLOTIT12).EQ.01 GC TO 57
f(ChT.KCMT*I
FANGLEIKO94TI-ATANIREAL(P24)/REALEP194))*150.13.1415So

57 CCNTINUE

C ... CALCULATE- T S. M4AI320
Tw31 TFUN IETA:.XW, CIS, C95, G56, C45. CSSo C35, ElS, E351 M4A 9333 0 503
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LINU03 - N SORC ST21311*9 o.@@I -~

* TN3f- T9'u 13* xc4,-~~ I4 ETA.* ,441H341 MAI N3340 5o.
TU33 - TFUN IETh: NX, Cl), C359 C36o C34. C35. C33o E13) 31,AN35 505

*hl-TLN#T.MPCt I#CA C14. CIS# C13 l@ 31 MI36 S06
TWI2 - TFUN 4ET*, UK, Cl*. C5*, C669 C46, CS6, C36 I 1 361 MAIN3370 S0l
T1022 - TFUM 11TA, WK, C12, C25. C269 C249 C259 C239 Fli, 1321 MAIN3380 Sao
IN PLOTT 3.10.01 60 TO 71 --- -

AllI(I I -SONTIREAL (TWIL 1*2*A1NAGITM1U102)SPIL S1)
AITlIEKIITI1.*NN*GITUIl)ISPfCL

71 CCTkU 0  *N3

S22 - I0.,C.I MAIN3400
S3) - 40.,0.1 MAIN3410
S12 - 40-.1. MAII3420
SI) - 40-,0.1 NAN N3430
S23 v 40-.0.1 NAIN3440
C0 2190 1 - 1. 4 MAINS450
J - 1*433 MAIN3460
S11 a $11 - ETA1II*SETABf1.13*EXII) -NA1143470

.33 o S33 - ALFAS1J1*ETA4IISNfTAE),IIIXI1 MAIN3440

S12 : S12 - ETA(IN T1212#:162.3EEI) MAN#6490
S3 SI) - ET*ENIIET.%llI*ALFA8IJ1 + IIETAB43.1ISJNNAGIoDEXII MAIN3)00

2190 S23 - S23 - ETAENI*IITAIE2.I3*ALFASIJIeEINI NAIN3510
S11 - S11*JINAC/VS M . - - ANN3520
$33 - S33/.5 M414S33
£12 - S12*C.SSJNNAG/VS MAIN3S4O
$13 - 0.50SI)IVS NAINN35S0
£23 - 0.S*£23/VS NAIN3)60
CI TFLINIETA. UK, ElI, ElSo E16. E14v 115, E13.-T1I,-T131 NAISO 544
02 *TFWITA: :X: E21: EZS, E26: E24: :25: E23:-T21,-T23; NAlN5SS0 545
C3 TFU I ETA, UK E31 E35, E36, 34. 35L :33,-T13.'-133 "AtiNs" 546
Et JNNACSF1/VS MAIN1AOO
El 4 0.00.1 NAIN3610
CC 2310 1,14 NANIM362O

2310 E3 - E3 + ALF*S4J1*EIAfI3EKEI1eNTA844NI) MAIN3640
Is - E3/VS NAIN3IA0

NFl PLOTNTII).EO.01 60 TO ?3

*EINT3ISCRtTEKEALEDIO32ANAGI13eO2IISPECL 962
73 CCNTIMUE

C... C~jTPUT REILLIS.. NAINJIlO
64ITE 46, 23403 UK MAUI340O 564
bRNTE42.23401 UK 59

2340 FCPPAT 4103.0. UK.W to IPE14.71 NANN3690
bRITE 16, 24403 Th, TU31. TT32, TM329 TT33, TU339 NANN3700

TTIIl l TWl. TThul~ TT229 1U22t NAINI7l
SSI1p Slit IS22, S22. SS33, S33. NAIM3?2O
£512, $12, SSIs. £13, £12), 323o NAINIIO

*.PP1N, PIN# PP2N.t P2Po NAINI40
*.001, 01. 002o 02. 0039 03, NAIN3750S

*UU2, PAGUI, 2 PHASEUbI2 NAIN37?

* 1343, PAGUI21, PHASEU1319 NAINI?6
MAGU 4 It PNASEUE443, NAINPIO



-- L&N$03 CONWAY PHASE N412131/69 000109 PAGE 10
LINICJ - ft SOURCE STATEMEb? IPNISl

fU 2. Efl. El. EE3. E3 -- - AIN3800 566
hftlf -2. 4io--TilfTw~, T32.TW32. TM#3 TU339,AN30

*TTIU, TU1I* TT12* TM12* TT229 1W22t MAI113710
*SS11. Stl. SS22# 522# SS33. S33# 0A110720
*S$12, S12. SS13# S13. SS23. S23. N1730

.......!l.t PIN. Pp2m. P211. - 11*3140
ocWi. 01. 0052. roaT D03;-O3.-- - MeIaN5O

* UU1, PA64J411. PHASEIJ4110 HAMM76
* UU2: MAGAJ42I PA£EUI2). HAMM177
*W3. NAGt3I PW4ASEU3S NA N3780
* NMAG.1441. PHASEUM4. MA*113790

244oPem11* Itio kp. 1J E E3.. E3- . . NAIN380O 567
260 ORATIIO.2$, 7HSTRESS COOENTSJIMIH 9 16£. A39 411" 4 NAI31310

* 1EI47.114. PEI4;.. H)/l/IH Xs23£ 011,0:20
* 17I.STR A CC POMENTS//611 1 £ . *3.9 'A 3. N13

I PE14.7. 111,. IPE1P.. IH1jI/IN * 25Me 11AI1'364
* 23?ITINE AVERAGE POWER FLOW//2411 # 19X, A39 414 - to NAIN30SO

__* _ _ 14.7. IN,.. IPE14.?. 1HI/l/IH # 26X. NAIN3S6O
* 211.ELECTRIC DISPLACENENT/3111 19X. *2. 411 - 4, NAIN367O
* PE14.7. I11., 1PE14.7. 1H3/S111 25£. MAIN3SSO
* 23I.NECHA*IICAL DISPLACEMENTILH . 24X. NAGNITUOE. NAI#43890

?X7. SHPHA E/ 311H , 19X. £2. 3M - , IPE14.7# 0PF10.3/l/ NAIN3900
IN s1 " . 30HELECTRIC POTENTIAL PAGNITUOE -, IPElS.?. MAIN13910

*___9H PHASE _!jP..3/tL 2!&..13HELECTR3C FIELO// MAIN13920
* 24114 . 19£. A?2.-H 411M * .1E1..11. P1.7 11)1 1*3930

1502 FCRNAM4EIS.4
OUNCII 1502: PINP2N 56PUNCH 1502,T h3 1, Th32,Th33#TW11,T1112vTW22 s:9
PUNCH I902.SZ1.S22.S339SI2,Sl3vS23 570
fPN14 15069 f"AGUJJIH#SUlfcL t0L - 571

t506 FCAPATIFIS.S.FIO.31
FUNCH 1502.Ei.E3 579
PUNCH 1502, 01,02.03 500
CC to 1.1.4
FRRR'CCS4PHASEU4 Zl*3.14151S0.l11MA6U431 515

- 0111SINIIASEUI IL!W,4I5/I11 L*)SNGU4I so$

16 CCNTINUE
IF4 I LOT3TM4.E0.01 GO TO 72
K712*KNT2#1
RUl4KNT2I-SORTIREAL4EISP43II"02*AlNAGIOISP43)I*021/SPECL 54*

- RI~IKN~lPMASEUJ117PHASEU431
72 CCNTINUE

wRITEI6,24411 IDISPI )1),.41 601
WRITE(2.2441) IOISPI I),I-1.41 606

244L FORNAT425X*2341EC11NICAL O3SPLACENENT,34/23X,2EIS.61,I,25£,
1 2OME1LEC. POT. MAGNITUDE./923X,2fI#.61
IjF (OWX .EC. 0.1 GO TO IC8 _ NAIN3940
Wi £Owx 1AIN3950

IF INK .LE. WXNAXI GO TO 1790 NAIN396O
b* SUK *A N3970

60 TO 1706 MAI113980
2 CCNTINUE

PEfACl3S.31 *l0IT. EL IPIT. INCA 622
3 FCRNAT43151
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LIM03 CONUAY PHASE N4 12131/49 000109 PAGE 11
LtiNSOS - EPN SOURCE STATENE&T M PISS

1C 4 l.54.IIIT.ELINITINCAlS.C B-LINITI/lNCR.1

%SO-VS
CALL NUDTtVSO.WS.N,FVgS*EPSLON.PAX)a 631

hDAAEZO*K-1 .AIHAGIFMS
::AAAIKS**(FV
COT AYK)IALIF VS)I
CET IAYEK$-AIPAGIFVSI

CCSUG K.OEYRAVIK),OETIAY4Ki 637
4 NINJ

CC 5 JJ-I.K
SAAAA(2*JJ-1I.AA"A(2*JJ-11S1.EIO
AMAAA(2*JJIAAAAAAI2*jjI*1.EIO

CETAYJJI.CFTAYE 111*1.E10
CET IAYIJJI-CETIAVJJIO1.Et0
JJJ-2*JJ-1
IFIAAAAAJJJI.GT.I1 AAAAAJJJI-.
,IEAAAAAIJJJI.LT.-1. S AAMAIJJJI-1.
IF(AAAAA20JJ.67.1.1 AAAAA2JJI.1.
IFIS*AAAI20JJS.LT.-1.) AAAAACZ*JJI- 1.
IFEO:TAYJJI.T!;!)OETRAlJJI-I.
1 F0 :r AY JJSLT.. OETRAYJJI-1.
IFIOETIA(JJI.CT .,., OeT ATIJJjI.
IFIOETIAYJJ.LT.-1.) OETIAYJJ-1.

S CC#STIMUE

#eh.2*I

CALL SCALEIVSAAT1.0,K,1,Ol.,XNINOXl 491
CALL AXISIO..O.,ZN'dS.2.1S.0t...XNIN.OK*.1 693
CALL AXISIO..0..AIIOETEUP.6,10.,90.0,VNlh,DY.1O.l 69S
CALL LINEIWSARA.OETRA.K,1.1.4.XN4DX.MN.NOYI 697
CALL LINEIVSARAVOETIAY.KI 1.4.XNNOX.VNINODV 699
CALL FLOT(17..0..-31 701
ICI.CK..FALSE.
CC TO I?

ERROR 1 NA399A70

F HM
ERO.1SAE:u::



167

LIN603 CONWAY PHASE W4 12131/69 000109 PACE 12

91IPIC $OCT.. OICK.OESUG

SLIPCUTINE *COT (VSO, VS. No FVS. EPS. PAXI 30010030

CR001 30010020

CIMNISION SUI11241

U 2..2.s3..9..l0..SO.@IOC.,l00.t
CATA MP.KKKIO/
(*1* KICK/11
CCNPCN IGEIGETOUT
CCN'CklPLOTSI ICHECK
1(6CM.I GETCUT
LCGICAL PREV
CATA PREV/.FALSE./
tCGICAL ICIEfC9
(CHIION IFR001/ FVSNAG, NT, ICASE R0010050

I ALESS/ IALF 30010060

CCNPL&E F: FV S, 530, @ F, 532. PX3 62. LANCA3, ROUNO, 3W001060
T TI 1. 12, EL 30010090

SEAL LAMOA2 AOOTOOO
LOGICAL IALF 30010110

W000120
CATA IEN1O/I.E9/ 300T0130

R0010140

AC1*1.01
F*C72-1.005
IFIXKKKK/2*2.NE.KKKKKI FACTI..99
IFIKK33K/2*2.NE.KKKKKI FACI.945
% .0 30010150
INS . VSO R0010160
Pvs - RCI.NCIF4VSII 30010170 6 9
IFf IALF I GO TO 600 30010160O
151 ICIIECKI GO TO 530
IF( MAX *EG. 0 1 60 T0 530 30010190
151 FVSNAG LT. EPS I GO 10 530 30010200
FX0FVS R00T0210

VSATI*VSC
Fvs - ROUNC 0 F VS I I R0010230 22 23

IF: IALF I GO 0600 300T0240
F5 SVSNA6 L . EPS I GO T0 530 30010250

F31 - FVS 300T0280
X2.5 ACI2*VSC

V1S . X2 300102610
1S S . AOUNCI 55 VS I 1 30010290 30 31
IFI IALF I GO TO 600 R00T0300
IF1 , VSMAG .LT. EPS 1 00 TO 530 300T0310
532 - FVS 30010320
N?.S-1.l**KKKKX-II*.O5*VSO 36
LAMCA2 -0.15 R0010340
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LIN803 CONWAY PHASE P412/31169 000109 PAGE 13
3001.. - EPM SOURCE STATENEIST - IFhlISI

C*LTA2 - 0.5 ROOT0350
R00T0360

C. BE 1IN I T E 4AAI 1 M..... R00T0370
230 G2 fXP0*LAMCA2*LAMOA2 - P3*ODELTA2'OELTA2 * P2*ILAXOA2 * ELTA21ROOTO38O

T CSOIIIG2SG2 -4.*F20ELA2$LMA2*FXOAMA2 R00T0390
-F:1SD:LTA2 *~l ROOT 000400 40

TI 62. R00T0410
12 G 2 - I 30010420
I Ti 11 000430
IF (CAGSIT21 Gf1. CAUSITIII I T 2 R00T0440 41 42
IF ICABSITI *EQ. 0.) 60 TO S30 R00T0450

RW0T0460 45
300 LAMCA3 *-.*F2*DELIA2/T R0010470

VS - X2 *REAL(LAMCA30H21 ROOT0480
fVS - ROUNOIFIVS11 10W10490 so s1
Iff IALP I6 GO TO400 10010500
SF6 PVSMAG *LT. EPS I GC TO 530 10010510
A. *M13001520
IF(Uw.61.M0AX) GO To 6CC
P3 - VS X 2 3RW10540
LANEA2 M 3/0.2 R0010550
CELTA2 *1. + LAMOA2 R0010560

F31 *': 3001050
F 2 *FVS R00T0590
X2 *VS 30010600
h.2 *H3 30010610
IF (HZ .ME. 0.) GO TO 230 30010620

R0010630
C.I. N 0 0 P I T E A A T 1 0 N .. 001OO0640

930 CCUITINUE
IF 4PPEV) PREV.ALSE.

:"CKID'1 PETLON
600 w*IIE46.10001 VS 30010660 70
1000 FCANAT4 /I/ SINH... LESS THAN 4 ALPHAS WITH A POSITIVE REAL PART 30010670

/ 32H ... CASE TERMINATED 4 VS *,IP614.7, 2H IR33000680
IPIICI4ECK) 60109 30
IFIKXKKK/2*2.NE.KKKKKI GO TO 910
VS0*VS0-Kml9IKICI3
,C IC.IC + I

990IfIICKEG.53GO TO 999

999 CCNIINUE
IFI PAEVI GEIOLT-.IIUE.
FIE V..TRUE.

OCl IC 5S30 30010690

ERROR PES SAGE NUMBER I
th0 30010700
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I MPO3 CONWAY PHASE N', 12/31/6% 000109 PAGE 14

$IlFTC SETCT. DECK

CdETCTE * SETCTE COMPUTES 1)4E C, T. E COEFFICIEN.TS FROM CTE00020
c* THE INPUT PARAMENTERS G. P. EPS. kU. LAMBDOA, NU CTE00030

SUBICUTINE SETCTE INU, Mi, LAM&OA, COEP)) CTE00040
CTEOOOSO

CCNPCN /ROTATIOTATE
LCGICAL ROTATE
C1INENSION CPRG&,Ah.EPR361tEPSPR33I
LCGICAL COEFF CTE00060
LCGICAL AC12. AC?), AC24, ACE',, AC34 CTEOOOO
PEAL M"UP mu. LAMBDA CTEOO
COUPLE PRECISION GANNA3,31, 0, Do DR* AN* AN, ALP COP SM, CO, SNCTfOOOqO

CL, SL. FF, R, XIJ CTEOOIOO
CTEOO1IO

DIMENSION LABEG), LABC05I, LABTI6) CTEOOIZO
CTE00 130

CCMM /ZZTZ/ Ct2Oh.E(l?ITISI
CCMMCN /FAT/ GAMMA, 0)3,3,3,3), 093,31 CTEOOISO
CCMCN IGPEPS/ 61211# P(IleS EPSLON13931 CTEOOE*0

I CSETI CLIM, ELIM, TLIM CTGCOlTO
*/CSETI/ AC12, AC?), AC?',, AC14, AC34, CTEDO160
*/BETANI NIETA CTE00190

CTEDO000
DATA OR / 57.295779!1306232 /CTE00210
CATA LABEtl /3I4TRANSORNED PIEZOELECTRIC CONSTANTS i. CTE002ZO

*LASCILD/30HTRAMSP0RKED ELASTIC CONSTANTS /9 CTE00230
* LABT) E)/3TRANSFORNED DIELECTRIC CONSTAN~TS I CTE002400

CTfOOZSO
CIECOZAD

ACE? - FPALSE. CTE00270
AC23 - *FALSE. CTE00240
AC24 - *FALSE. - CTE00290
AC14, - FALSE. CTE00300
AC34, - FALSE. CTE00310
PH - MU/DR CTE00320
IN -NU/00 CTE00330
RL - LAMBDCA/CR CTEO03,0
CALL CSFUN (NUP RN, SM, CHO CTE00350 2
CALL CSFUN GNU, RNP SN, CNI CTED0340 4

CA. 4SU LAMBDA, ALP SL. CLI CEOT
GAMMAII.XI e CL*CN -SL.*CM$SN CTE00360
CANNAGE,2I - SLSCN P, CL*CM$SN CTEOO390
GANNA,3I 0 SMSM CTE00400
GAMMA2,11 *-CLOSN -SLCM*CN CTE00410
GAMMA?,?) -- SL'SN CL$CNSCN CTE00420
CAMA)?,)) - SMOCMI CTE004300
GANA3.11 SLIPSM CTE00440
GAMMA,?) a-CLIPSM CTE00450
GAMPA331 - CM CTE004600

C..SET UP 0 ANDOQ MATRICES ... CTE00490
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Llh@03 COMAY PHASE 4 1213116 000109 PAE 15SETCT. - EFW SOURICE STATENEhT - F 0
C11.1.1.11 6(11 CTE00490
C12.2.2.21 6121 CTE0O0
C13.3.3.31 6 () CTEOOSIO
C11.1.2.2) CM() CTEOO520
C12.2.131l G643 CTE00530
C41.193.31 - GIS) CTEOOS4O

1 23 .3 1 .1 5 * G6 6 4 C T E O O S S OC1111,2, G6l CTE00560

C11.1,3.2) 9( CTEOOSO
C(2.3.1.11 G 6(7 CTE0IO0
C03.2.1.1) G(61 CTEOO90
011.1.1,31 G 64M3 CTE00600
641.1.2.1) G 6I66 CTEOO10

C11.3.1.11 GM63 TOO6
06.1.1.11 I(5) CTE00620

013.2,3.3) * 6(9) CTEO6)O
C43.1.1.21 * 6693 CTE00430

0(1*2,23) * 6(10) CTEO0640
C11,.2.2 G 6i1i CTE00650
CI 2 1 1 - 61 08 CTE0 0
C(2..1,1) - 6(11 CTEOO6OC(2.2,313 1 (113 CTEOO680
C(2.2,)3* G1O CTE00660
C13.1.2.2) - 6191) CTE00690
C(2.2.2.1 - G(1OI CTEOO?2O0

C(12 2.32: * 64123 CTEOCIO,
02.123 2 6412 CTEOO?1O

043.2.2.2 GIIOI CTEOO?30
C22.31 3 G(133 CTEOO740
C43.2#3*3) G133 CTEOOSO

043.3.1.33 - 64143 CT100660

0(3.3.221 G 6111 CTEOOS7O
13.2.21 C 64141 CTEOOT$O012:2:o211 G4011211TO09

of..33 G (4 CTEOO?9O

04311.2.221 a 612 CTEO0100042 ,1*.2 .21 •G4121 I TEO01110

C13.3..3l G 64131 CTEOOI20
13.3:3:21 61 CT0030

C423.3 ) G 13 CTEOO113O

(2.3.3.23 *6163 CTEOO*SO

913.2,3.31 C 64131 CTEOO90$

C43.2..31 G614 CT000
6423.31.3) * 6173 CTEO0860

011:3:3:111 G101141 CT:O0870o

0(2.3.3,13 3 G(14 CT00990
913,.1331 G 61141 

CTEO0890
C13°1,1,21 G 1151 CTEO0900

03.3.2.11 GIISI CT00910C11.2.3.31 G 1151 CTE00920

9291.3.31 G 6(151 CTE00930C92.3.2.31 - G4161 CTE00940
C(2.3.3.21 - G(161 CTE00950

C43.1.2.31 - 64161 CTE00960
C13.2.3.21 - G161 CTEO09?0C42.3.1.31 - GI17 CTE00980
C(2,3.3911 - 0117 CTE00990
C43#2.1.31 - Gil?) CTEO100O
013.2.3.11 - Gil?$ CTE01010
C11.3.2.31 - 0117 CTE01020
10,23 I 0117I CTE01030

0 113,3,21 •11?1 CTE01040
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L1N803 CONWAY PHASE N4 Z31169 000109 PAGE 16SETCT. - EFN SOURCE STATENEKT - (FNISI -

C43.1.3.21 Gi173 CTEOOSOC(2,3,21 G (18I CTEOO600(2,3.2,11 * G11i CTEO1070
0(3.2.1.2 Gill) C0000043.2.2.11 • 0(19* CTEOIO9OC(1.2.2.31 6 1161 CT801100
C(2.1.2.31 G(181 CTEOIIIO
C(1.2.3.21 - GI18I CTE01120C42,1.3.2 - G(181 CTE01130
0(1.3.1.31 - G(191 CTE01140CI1,3,3:,1) -G1191 CTE01150C3,1 3 1 3 (19* CTEOI600(3,1.131 = 64193 0T101170
0(3.1.3.1* ct* 0(9 TEOCITO041.3.1.21 G 4(201 CTE01680
C(1.3,2.1* - G120* CTEO1190C(3.1.1.2) - G(20! CTE01200C(3.1.2.11 - G(20* CTE01210C(1,2,1,3* * 0(20* 07101220C(2.1.1.31 - G(201 CTE01230
C(21.2.31 G(201 0701240
0(21,3,11 G1(20* CTE01250

0(1,2.1.2* - 0121* CTE01260
C(1.2.2.1) - G(21* CTEO127O
C(2.1,1.21 - G(21) CTE012800(2.1.2.1* * 0(213 CTE01290
C(1,1.1) - P1* CTE013000(1.2,23 P421 CTE01310
C(1.3.3* P431 CTE01320(1,2.31 * PM4) CTE01330
C41.3.21 P4! CTE01 3400(1.1.3) - PI4S )T1O135O
C(1.3.11 - PM5) CTE01350€|1,31) -P( )CTE01360
C(1.1.21 - P(61 0TE01370
C(1.2.1* - F(61 CTE01380C(2,,11* - P(71 CTEO1390C(2.2.21 - P8) CTE01400
C(2.3.31 - P(91 CTE01410042.2,31 - Pf10 CTE01420C(2.3.21 - P(1O) CTE01430
C(2:1:3* ; PT113 CTE01440C(2.3.1) P3l11 CTE01450C(2.1,2) - F(12) CTE

0
14*0

0(2.2,1) - P1121 CTE01OOC(3.1.11 - P413* CTE01480
1(3.2.21 1 P141* 0E01490* (3333 = P(IS) CTE01500
c(3.2.31 - P4161 OTI0i5lO
C(3.3.21 3 P116* CTE01520(3,1,33 * P417* ¢TE01530C13,3,1 1 P117) CTE01540C43.1.21 - P(I81 CTE01550C43.2.1 - P118) CTE01S60
C( 11 *FF41.1.1.1) CTE01570 8CC 21 -FFEI..3.31 0T01580 9CC 3* -FF4I.1,2,31 CTEOISO 1

CTE01590 10CC 41 -FF(1,1,1.3) CTE01600 11

S 
yi
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L 009603 CO~bAY PHASE N4 12/31161 000109 PACE 17
SEYCT. - EFN SOURCE STATEENTb IFNISI

C5 FFI3:3.23 CTE01610 12
CE 5 -F4 .3..3)CTE01620 13

Cl ?I -FF6 3.3.1.35 CTE0163O0 14
Ca 81 *FF43.3.1.21 CTE01640 1:
C4 95 :FFI2.:3:2:35 CTE01650 1I
C 1101 FFI2 3 1 35 CTE01660 1?
CIlII -FF12.3.1.21 CTEOI6?0 is
C(12) -FF1 1.3.1.31 CTED1660 19
Cil)) -FF4 1.3.1.25 CTE01690 20
C1141 -FFI1.2,1.25 CTE01700 21
C:15: -FF4 1125 CTE0171 22

16e -FF 1 1 2 25 CTE01720 23
C4171 *FFI2.2,1.31 CTE0173O 24
C(181 *FF42.2.1.21 CTEOI?4O 25
Cl19l -FFI2.2.2.31 CYCITSO 26
C(201 *FF42.2.3.31 C1EO1760 2?
ISF I.OOT. RCTATEI GO TO 1601
CFf'11.1)-FF41.1.L.11 31
.PftI1.21-FFf1.1.2.2) 32

* CPf41.31-FF4* 1.3.31 33
CP341.41-FFI1.1.2.31 3*
CPRSI.1.-FFI1.1.1.31 3

*CPRII.61-FFI1,1.1.21 3
CPA42.21-FF42,2.2. 25 37
CPRI2.35.FF(292.3,31 36
CPRI2.41-FFI2.2.2.3 39

CPPI2:65:FF:2:2::25 I2

CPA43.41-FFE 3.3.2.35 43
CPSI3.51FF13.3 1.35 44

CPNI3.61-FF43.3.1.2 25
CPRE'.41-FF12.3.2.3) 46
CPAI*.55-FF42.3. 1.35 4

CP1f4*b-FFI2.3.1. 25 48

CPft6.61-FFII.2.1.21 51
1601 ccNTINUE

CC 10 1-1.20 CTE01770
IF6 ABS9 Cil) : LT. CL 1N S Cl) I- 0. CTEOI?S0

10 CONTIMiE CTE01790
El 15 R451.1.11 CTEOISOO 63
E1 25 R4At1.3,31 CTE01810 64

E35 - 5(12.35 CTEOISZO0 65

E 4 A - l 5135 CTEO1 30 66

El 51 R1 1.1.21 CTE01S40 67
El 65 R (3.1.11 CTCOISO 68
El 71 R(3.3.31 CTEOIS6O 69

El 85 - R13.2.31 CTEO1S7O 70
El 9) - R13..31 CTEOISSO 71
EfIO) - R43.1,21 CTEC41890 12

E4115 - R(I1.2.2) CTE01900 T3

E121 - R43.2.21 CTE01910 74
'13 52:.1:11 CTE01920 75

:,4615 R 4 a2 33 CTE01930 76
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L I h§03 COMMbY PHASE 114 12/31/69 000109 PAGE is
SETCT. - Ef4 SO1URCE STATEMEI.T - I~hISI

EllISI R42.2.31 CTE01940 77
E4161 - M~2.1.31 CTEO19O To
13173 - 412.1.21 CTEO196O ?9
IF(.NOT. ACTATEI GO 10 1802
EPR41.1).AEI. 1.19 63
EPREI.21.Rl 1.2.21 64 --

IPE13.1.313 1?
EPN(14. RlfI,.2.3 6

EPA416)AE1 .I 2. 11.R4 2. 1. 1

EPAQ lZ6. 1.23 9

E PA *3,33.AI 3,.2339

EPR03.41.943 .2 3 1
EPRE 1.51-913.1.3) 9:
I PR43.*63-A I3.i.:0 100

1602 CCNTINUE
CC 20 1-1.1? CTE01970
IFPI ABSI Ell) I *LT. ELIM I Ell) *0. CTE01980

20 CCNT "'U' Cr 01"90i PSLC N' 1:2D * PSLOh42,3) CTE02000
EPSLCNIR.II *PSLON(1I2I CTEO001
EPSLON13.11 EPSLCN41,31 CTEOZOZO
Till - TIJ41.11 CTE02030 112
T421 - T1.141.31 CTE0201#0 113
T13 I IJ::.3: CTEC2050 114
T14) 1 T 1 1 CTE 02060 115
1451 * 1Jf2.D CTE02OO 116

DP3:1.ROAE GO TO 1603
EFSPREI4.ID-TIJ4I.1 3 120
EPSPAII.21-TIJl1.21 121
EFSPAII13TIJCI.31 122
EPSPRI2.11-TIJ1Z,13 123
EPSPR(2.21-T12.2 3 124
EPSPR12.31=TIJ(2.31 125

EPPE.DTJ3:1 3 126
ES)IPft13,21.T1Jl3. 1 127

EPSPA 3 3).T1J43,3 3 126

390 CCT EC TE02 100

NeETA - 32T023

CCI0K .I CE24

IF(I)K. .CT140CE25
*? ICThECE26
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L INSO3 COMMAY X PHtASE N4 1Zf31I*9 000109 PAGE 19
SETCT. - EFN SOUC StATEMEAI IFIVSI -

MP C115.01:0:. *Af4O. C431.EG.G. .AN4. CHM3.EQ.0. .*ND. 1IT6O2I9O
* cIS.0 I ACU 2 .TE CTE02 00

IFI CM*.EO.0. *AND. Ci*I.E"O .* *AND. C111.0O.0. .M0. CTE02210
* C1131d.0. I AC23 * TRUE ' CTE02220

IFI El &I.EC.. .AN 0' E 4;1: E.0. A*ND. E1l0I.EO.0. *AND. CTE02230
* E99I.EO.O. I AC24 - .tU.CT 02240

IFf E491.MC.. .4N40 E14I.EO.0. *AND. E46I.EQO.. *ANm. CTI 02250
* E(1I.EC.0. I AC14 - *TRUE. CTE02260

IFI MII.EC.O. .AND. E121.EQ.0. A*NO. ElMI.E.0. *AMO. CTE022?O
* 141.10.0. I AC34 - .IRUf. CTE02280

IFI COEFF a wfIT1*.15951 LASC. I MII. 13.20 1. CTE02290
*LADE. I E(11. 1-1.1? 1. LABJ. I Till, 1-1.5 1 CTE02300 162

IF1.100T. ROTATE) GO TO 1604
WRIT~eI00I CPRIiIICPAI2.2i.CPRI3,31,CPAEI,2I,
I fI~CPAI.Jl.J.3.6l..1.Iv,
U IICPRI1.Ji.J.496,3.3,AICPRlS.53.CPSIS.6*CFAI*,AI,
1111P413,JI.J-1.6I..1,131,IIEPSPRII.JIJ.1 .1,l3I *

1600 FCNPATISH C *211/E141.?I11 I E 11E1.)I5 EPS,91/E1.711
I1I

1404 CCNTINUE
1599 FOPPATI 100.4X.5A4 ,a IS CilI, 1-3140 1 201 IN ,IPEl$.T/ I / CTE02310

* NO.4X,*A6, 16" £ Ell), 1-1.17 I I 174 IN eIPEII.?/ I / CTE02320
I 1N.4X.*A4. 17H I Till. 1.1,5 1 9/ 4 IN I1PEIB.?/ I I CTE02330

RETURN CTE02340

too0 CTE02350
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L 1hfJ03 CONWAY PHASE N4 12/31/65 000109 PAGE 20

SI$FTC SCUND. DICe'

CACUNC 
ROUNOZCCMPLEX FUNCTION ROUND IF) ROUND030REAL 1. F12) ROUND040

I : F,111 Rl:DD050
F 2 FZ 

OUNDO0O
IF fR .ED. 0. G0A. I EQ0. 0.1 6C TO IOC ROuNCOTO
IF IABSII/AI *LT. 1.ESI GO TO 50 ROUNOOSOP*0. RUO9GC"TO to0 ROJN:D"OOSO IF IABSIR1) *GE. I.E51 1 0. ROUNDlIO

1OO ACUhO *CNPLX(R. I) ROUND120
PETUON 

ROUND13D
EhD ROUND140
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LINSO) GOIbAl PHASE N.12/3114. 000109 PAGE 21

* SISFTC CSFU#4. DEC%

CCSFUK CSFUM020
S&JIPCUTINE CSFIJN IV. RE. SE, CE) CSFUN030
D0aILE PRECISION RE. SE, CE CSFUN040.
. V CSFW4OSO
If IX :LT. 0.8 X - X * 360. CSFUN06O
I4 I *EQ: C. dIR*. *EO.0. 8J GO TO ISO CSFUNO70

IOR E 0 .1 .EO 270.1 6O IC 200 CSFUNO
SE - OSINIMS) CSFUN090 10
CE - OCOSIRES CSFUNIOO 11

100 RET&AN CSFUNIIO
ISO Cx - 1. CSFUN120

SE - 0. CSFUN13K0
IF IX *EQ. 100.) CX - -1. CSFUN1'.0
GC TC 100 CSFUNISO

200 SX- 1. CSFUN160
CI - 0. CSFUN1Y0
IF IX *ED. 270.) SX - -1. CSFUNISO
cc To 100 CSFUNISO

END CSFUN200
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L Ik03 C0I4bAY PHASE N412131/6S 000109 PAGE 22

SIBFTC FF.... DECK

CFF FF000020
CCUSLE PRECISIChi FUNCTION FF (I. J. Re LI FF000030
CCPPCt# /FftT/ GANNA43.31t 013.3.3.31. 00301 FF000040
DOUBLE PRECISION CAPNA. 0. 0 FF000050
IhTEGEPR eA S. I. U FF000060
Fl. 0. FF000070
CC SO R 1: .3 FF000000
CC 50 5 1. 3 FF000090
CC 10 1 1. 1 FF000100
CC 50 U *1. 1 FF000110

5O FF-FF .GANNAIRIeGANNAIJ.S)sGAIIAIM,TI.GANNAIL.UleOEAS.f.UI FF000120
RE IURN FF000130
E No FF000140
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L IN603 CONWAY PHASE N44 12/31/6S 000109 PAGE ZI

SI6FTC P. DECK

P0000020

CCM IFlT/ GAMMA13.319 013.3.3.). 0030 PO0000

CouatE PRECISION GAMMA# 0. Q 
Rooo05

INTEGER S. T. U ROOT
a 0. P0000010
to 50 5 1 3 R0000090
CC 50 T - 1. 3 R0000090
CC so U - 1. 3 P000

R0000120
RETU~kP0000130



179

LIk8N63 CONWAY PHASE N4 12/31/M~ 000109 PAGE 24

* SIFTC T34. DECK

Cl~j 1J0020
*COUSLE PRECISION FUNCTION Tli it (, T 1 J00030

c"MCN /FAT/ GAMMA(3.31. JUNKILOSI TIJ00040
COMMON /GPEPS/ G(211, P4l91. EPSLGI.13.31 1'1400050
CCuSLE PRECISION GAMPA, JUNK TIJ00060
INTEGER ft. S T1400070
134 - 0. T1400080
cc so S : 1. 3 1IJOOOO

s0o3 I * x3 *i 6ANNMAI.R)*GA4NAIJ.S)SEPSLON(R.SI TIJoU1lo
RtET URN 11400120
FhO TtJ00130
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I1Nb03 CCNWAY PHASE 4412/31/69 000109 PAGE 25

SIGFTC F... DICK

CF IS FUHiCTIEK EVALUATES T14E L DETERMINANT FOR A VALUE OF V.S F0000020
Ce 0O EITHER TE LITHIUM OR GOLD LITHIUP CASE F0000030

F0000060

F0000060

CCpmCm /2272/ CC.CE.CT
CCmpCh /FROOT/ FVSMAG, NT. ICASE F0000100

*/SETANI NOETA FO01
*/CSETI/ AC12, AC23. AC24. AC14. AC34 F0000120

CCmmLN /LINK / ALFAISI. M.FAIII.I ELIIOOI. ALFAA161, F0000130
*ALFAS4I SEa TAAI3:,1l. BETASI(4.41. EPSOM, F0000140

* M~'LA. LAM1AA. RHOMB LACAb, NUB RH, F0000150
I'VsX. EPSLON 0IGIT. NH. WX .. NB L. F0000160

*KO. ALL. ROCTS. TIER. COEFF. OETERP. POLYN. F0000170
*ALPHA. BETA. MAX FOODOISO
*/CIA/ JAI41 F0000190
*/1CM / ACAP. EPSR F0000200

I GPEPS/ XCI211. XPIIBI. XES9P0000210
I ALESS/ IALF F0000220

I /CIFL/I-XAGNL
F0000230

CCOPLEX ALP'A. FVS. EL. EA161. E814). UA131. U8131. ALFAI, F0000240
*AtFAA. ALFAB. BETAA, SETAB. POLYI91. JIMAG. F0000250

CC1:F:E. A:L::9 AL2 E90P:XE1,3 00002601

REAL MUA. LAMCAA, NUB, LAOCAB. NUB. CA(4.4), CB14.41, F0000300 1
*C044.41l. CC1 201, CE(l?). C1151. 81012,4,41 F0000310

LOGICAL ALL. ROOTS, [TER, CUEFF. DETER". POLVN. ALPHA. BETA, F0000320
H-XAGNL.

ACAP F0000330
LCGICAL ACIZ, .1023. AC2*, ACI4. AC34. IALF F0000340

F0000350.1CIPENSION ALA43.3). IA1131. IAZI31, LAB(31 F0000360
C IMEks ION el1X141,. P8 141 F0000370
EQUIVALENCE (CIL. ELLI1, 1 81. 810 I, F0000380

.t ICI, C1,. ICC(21. C131. (CC13), C31. (CCIBI.C36t,FP0000
(CC(lI, C331. ICCI2I. C34). ICCI3I. C31, ICCI4I,C3151.P0 0009
I ICC19). C441, ICCIIOIC45). (CC(I1I,C46), F0000410
'CC ,1Z2). CSS. (CCII3),C56). (CC(14),C66). F0000420

I cC11)11 61. (tEll). Ell). 10112). E131, F0000430
CE13I. E141. 10114). E151, ICEi5), E161. F0000440
CE1161. E311: ICE447lI. 331,: ICEIS). E34): F0000450

ICE19. E35. ICE 1O)E36. ICTISI. Til. F0000460
*ICT421. T13). 10113), T331 F0000470

PFltnnll~ft
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L IND83 CONWAY PH4ASE N4 12/31169 000109 PAGE 26

P... - EFN SOURCE STATEMENT -IPNS)

CATA LAIIIII/iSH 41.3) 42.41 CASE F 0000490
CATA JIMAG / 10-,1.1 /. CXO.CX1/10.#0.Itt1.,0.)/ P0000500
CATA ALAB(1115.H ROW. 3 ZERO CASE4 POW. 2 ZERO CASEZEROF0000510

.- PIEZOJELECTRIC/. TEhtTENIO/.-1.l.EZC/ P0000530

e114 AK I - AK * 4 C55OAK # CPNPLXIO..(C15.C1S)I I - CII * RVS F000054 0
8124 Ax ) - AK S 4 C459AK + CMPLX4O..4C14#C5611I - C16 P0000550
e131 AK I - AK * I C35*AK * CMPLX4O.,IC13#C55)l I - CIS F0000560
814( AK I - -AK * I MOAK* 4 CNPLXIO..4E15#E313) I 4Eli P0000570
822( AK I - AK s C440AK * C0NPLXIO..IC46#C4611 I -C66 + RVS F0000560
8231 AK I - AK * I C344AK 0 CMPLXIO..tC36*C45)I I -C56 P0000590
8244 AK I - -AK * 4 E3'.*AK * C0NPLXfO.,IEI4*E3611 I *E16 F0000600
e331 AK I - AK 0 1 C33*AK + CMPLXIO..4C35OC3511 I -CSS + AVS F0000610
8341 AK I - -AK * 4 E33*AK * CNPLXIO.,4E13*E3S)) I E 15 F0000620
844( AK I - +AK 0 4 T33*4K * CMPLXIO..4113*T13II I -I F1 0000630

F0000640
IALF F .ALSE. F000065 0
[CASE *0 F0000660
Ice4 0 F0000670
K1 I 1F0000680
K2 4 F0000690
tLI 1 000700
L2 16 F6000710
481 *1 P0000720
482 *4 P0000730

F0000740
C..CALCULATE COEFFICIENTS OP POLYNONI1AL .... 007105

490 P'VS - RHOII*SSSVS P0000t60
(ALL STRIP IPOLY. VS, AMO0S, ALL, POLVNI P000GI?0 30
CALL CR00? (POLY. AOLD, NT. ALPAI P000760 32
If INBETA EQ0. 31 GO TC 520 FOO00790
CC - 733 + T33 P0000800
CA - C)IPLXIO.. -T13 - T131 F0000810
EB - CSGR4CMFLX-4.*TI30T13 * 4.*T1Z*T33. 0.)) F0000920 37
ALPI - IOA # (8)/DC P0000830

"F2 (DA - £81/0C P0000840
cc si0 I FO1. P0 00IF (CABSIA;LFAI! - ALMi ILE. 1.1-5) ALFAI) - t-10.9-10.1 FP000660 42
IF CB4LAI - ALP21 .LE. 1.E-51 ALPAIII - 1-10..-10.1 PO00870 47

510 CA!S(ALFA0M08
520 CC !25 1 - I. 8 F0000890

525 ALPIII - ALFAMI F0000900
MP RLOITS .OR. ALL I wRITE16.5281 4 ALPIII, 1-118 1 P0000910 63

S28 PCOMAT 1331-OINTERNEDIATE ROOTS OF POLYNCPIALMI/IH , P8E13.511 P0000920
F0000930

C..SELECT POSITIVE REAL ROCTS... F0000940
CC 789 K-1.4 F0000950

789 IAIK) - K F0000960

I *0 F00C0970
CC 630 1 - 1. 8 F0000980
RA - REALIALFAIII) P0000990
IPI RA G6T. 0. 1 GO TO 810 P0001000
GC TO 630 P0001 010

6106 9 K +1 IP0001020
ALPABIKI - ALPAMI 140001030
IF( K .EQ. 4 I GO TO 64C F0001040
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L IN03 CONmAY PHASE N4 12131/69 000109 PAGE 27
F.... - EFN SOURCE STATENE6T - IFhIS) -

630 CCNTIkUE FO0010SO
I F K .8L. 1 I GO TO 63' F0001060
IFI ACZ2 .hl.. AC23 3 GO TO 631 F0001070

I F NBETA.EC.2 .AND. K.FO.3 I GO TO 640 F0001072
GO TO 634 F0001074

631 IFI NuETA *EC. 2 3 GC TO 400 F0001080
IF4 .NOT. 4C24 1 G0 10 636 F0001090
IC - I F0001100
IFI K . Go. 3 60 TO 140 F0001110

632 1 T1FI.b6331 I ALAB4IIC3, (.1.3 . K F0001120 117
633 FCANATI /// 16H *** CEGENERATE 3A ,3H 4.12.9H ALPHAS I I F0001130
634 IALF * .1RLE. F0001140

GC TO 1357 F0001150
636 IF( .CT. 1 AC14.ANO.AC34 I I GG 10 634 F0001160

GC TO 260 F0001170
637 RITT1 6.63*1 K FOOOI1O 130
636 ICPAT4 III 23H. MNMBER OF ALPHAS *.12. FOOO 0

. 20H - CASE TERMINATED I I F0001200
CC TO 634 F0001210

F0001220
640 IF fhBETA *EO. 21 ALFAB44 - IC..O*) F0001230

... ROLOTS .O 6 ALL I WRITEi6*711 3 4 ALFAB|1K,: K1,4 F F0001240 ItS
766 FCAIAT I4BHOENTERXE IATE POSITIVE ROOTS,/44 13PE'1.113 FO001250

F0001260
C...(ALCULATE EETA F P0001270

K4 - NbETA 4 1 F0001280
810 CC 80K * 1. K4 F0001290

6141.13 * Bill ALFASIKI I F0001300
6141,23 8124 ALFABIK) ) F0001310
6141.33 e 813( ALFAe(K) I F0001320
01(l.41 - 8141 ALFAM(KI F0001330
e112.2) e 6221 ALFABKI I F0001340
8112.31 8 8231 ALFABIKI I F0001350
E112,41 t 6241 ALFAelK) I F0001360
6113.331 a 63 ALFAIIK) I F0001370

14 34 1 0344 ALFAe|KI I F001360
e12.13 e 611.23 F0001390
t143.13 6141,31 F0001400
('43.23 1 B142,33 F0001410
IFNBETA.EC.21 GO TO S4C
6144,1 *--11*.4) F0001460
61(4.23 .-81(2.41 F0001470
8144,31 -0143,41 F0001480
6144.41 - 844( ALFABIK) I F0001490
IF4.GT.11 GO TO 630

F0001440
C...**CrCCK FOR DEGENERATE CASES..... F0001450

C 120.1.4 F0001500
84a3 * 0 F0001510
1c e20 J-1.4 F0001520
IF4 81041..J1EO.0. ,AND. B1Df2.IJI.ECO. I hBII) • NBI6 * I FC001530

620 CCNTINUE F0001540
IFI 1,8121 E• GG TO 100 F0001550

I I N"3 .;IC. 3 3;1 ~ . ~ .~IF I BI•E.i .0 N, (2)thNE.2 .04. NB(3)•NE.2 .OR. N5(4|•NE.2 F0001560
• GC TC 830

GC TO POO F0001580

iiI

*1!
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L I 803 CChbAY PHASE N4 12131/69 000109 PAGE 2d
F... - EPFi SOURCE STATENEhT IN(S)

JC....PIEZOELECTRIC..
830 IFI ACAP I IiRITE16.S75) K, I I 8141I.J2. J-.1.4 1, 1-1.4 1 185

CC 1511 1-1:3
CC E40 .2.1.3

840 1386.I.i-814J.IISTEN
818( 4. 28 1 44.3

150 el843.41-834 1.43
8I44418144.41*TENIO

* 3PF(I-XAGNLI GC TJ 9C0
660 CC F70 J2.1.4

CC 870 3-1.1
870 ";IJ-B83J'

114 ACAP I kl'4.12. 484.J-.21,4 1. 3113 1 222
* ~875 FORMAT 4O4E1.H,/1.pE3.)

CALL. (2ATSIO8.8ETAB11.,1190 231
880 eETA814KK2CXI

OETA814.KI-BE1A5141
CC 80.-.

890 1 TA8(J, 2I OIAb1(Jf*TE.
GC TC S80

C ... IEXAGONAL CRYSTAL..
900 CC 910 J-.1.3

CC 910 1=1.3
910 Be1l .J I=814I1.J I

CALL COETfe11.3.FVS.KEXPl 253
r ,SPAG-CAUS( 15S) 255
lP4FVSNAG.GT.I.E-S) CC TO e60

CO 530 1=1.3
CC S20 .2-1.3

920 88tI.jl-g184141,j+ll
88(1. 32--dl1.32

930 884 3.4 (:RITEBf6;875) K:1!64 8841.Jl. J2.1.4 2. 1-.3 2 274

C AL CMATS(8.BETA 1(2 1,3,1,5190, 283
GO TO 880

C-.ZERC-PIEiIJELECTRIC CASE.
940 114 ACAP ) wk81TE46,971) K,* 4 6 141.J). J2-1.3 2. 1.1.2 2 287
574 FCI2AT46NfOACAP4,I1,1hl (IN 412 P6EI3.513
97S PCI2'AT(eIOACAP(.I1.1HI IN (14IPBE13.511

E143.11-8141.21
814 4. 11.814 2.2)

e142.21--8142.31

CALL C14A1541.ETABI.K2.NBETA,,$16C 2 298
eETA814,12.CXO

efTA813.Ki-CXI
980 CCNIINUE

IF IhBETA ECG. 31 GC TO 583 F0001750
F0001760

C .. ZC - PIEZCELECIRIC CASE ... 0001770

CC 582 I - 1. 4 F0001780
BETAB((.41 - 10-.0.1 F0001790
CC 582 J2 1. 3 F0001800
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LIN603 CONwAY PHASE N4 12/31/69 000109 PAGE 29
F. - EFN SOURCE STATEMEbT - IFNISI -

982 efTA861hJf - 8ETA86I1JI*1.E-O F0001810
GO TO 983 F0001820

F0001830
FO001O840

C.....I IC, 3 ZEAO CASE..... F0001850
F0001860

C...4 4 ALPHAS I..... F0001070
100 CCNTINUE F0001880

ICASE - I F0001890J - I FOO019OO

WHIk - CABSI 8112.21 1 F0001910 325
CC 110 X=2.4 F0001920
e8X - CASS( 822f ALFABI K I I I F0001930 330
IFM SIX *GE. MIN I CO TO 110 F0001940
J - K FO,01750
fPih . SIX F0001960

110 CCNTINUE F0001970

14(l) F J0001980
JA - 2 F0001990
CC 120 K-1,4 F0002000
IFI K .EQ. J I GO TO 120 F0002010
IAIJAI * K F0002020
JA - JA I F0002030

120 CCNTINUE F0002040
86TA062.1) - I.C-10 F0002050
BETABI1.1) - CXO F0002060
W1A8S3,11 - CXO F0002070
8eTA84.1 - CXO F0002080
JI - 2 F0002090
J2 - 4 F0002100

125 CC 130 J-JIJ2 F0002110 6
9 - IAIJI F0002120
tAi.1) - 811( ALFABiK F0002130
elA|.1) - 8136 ALFABIK) ) F0002140
lAIl. -1 - 033( ALABK)I I F0002160
EIA(I.>I = -814( ALFASK) I F0002170
S1A(2.3) - -834 ALFA8IKI I F0002180
8ETAX - 81AfI1.1ISAIA2,0I - 81A12,11**' F0002190 361
tETABII.JI - I 8IA2,1I*81AI2.3) - B1A6ll31*BIA12,2) I / 8ETAX F0002200
tETAB12.Jl - CXO F0002210
fE8Ai3.Jl - I bA62,11*81IA1,31 - 81A61,11S8IA12,31 I / BETAX f0002220

130 ETAB14.J) - CXl F0002230
IF ICASE *EO. 3 1 GO TO 983 F0002240
GC TC 270 F0002250

F0002260
C.....( 3 ALPHAS I..... F0002270

140 ICASE - 3 F0002280
KI - 0 F0002290
CO 150 I.1,K. F0002300
IF( CAbSI 8221 ALFABII I I .GT. 1.17 I NI -NI + I F0002310 380

150 CCNTINUE F0002320
IFI KI *LT. 3 1 GO TO 632 F0002330
Ji - I F0002340
J2 - 3 F0002350
X2 - 3 F0002360
182 * 3 F0002370

, a

I i
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LtN803 CONWAY PHASE 4 12I31IeS 000109 PAGE 30
F.. - EFN SOURCE STATENE61 - MFhIS) -

L2 * 12 F0002380
lC8 3 F0002390
,60 TEIb1olbO) I ALA81I,1). 1-1.3 ). 1 1. ALFABI), I-I,) F0002400 394

160 ///MATi /// 16H 0*0 CESENERATE v3A*tL4.4 1 3 ALPHAS I I F0002410
t i1 ALPHAII.34HI IPZE13.5 I I F0002420*GC To 125 F0002430

F0002450

C*. 4 RCW. 2 ZERO CASEo.... F0002460
F0002470

C...1 4 ALPHAS )..... F0002480
200 CChT 11E F0002490

ICASE 2 F0002500

l- CAs( o(t.1a1S1,8(3,31 - 81(.31*02 I FO002S10 410 411
14 FOOOZ5)O

SPiN - 81641) P0002530
CC 210 K824 F0OO2SAD
11IK a CASt 811(ALPAs4Kaa'a334*LFAI4III-8134ALFAS(K||)02 I F0002550 419 420
]FI BIXK) 8G. BIN ) GO TO 210 F0002560
i"K GJ ( K FOOO2STO
ei B(K FOOOZS$0210 CCN0INUE FO002S90

I - I F0002600

IFI J E10. I ) I - 2 F0002610
CC 220 K-1.4 F0002620
IF K E.10 J I GO TO 220 F0002630
IM( BLXK *Gf. 8M1t1) I GO TO 220 F0002640

'I - K F0002650

220 CCNTINUE FCO0b6O
230 CONTINUE F002670

J " 3 F0002680
J8 a I F000290
00 240 x1.4 F0002700
IF( O.E.J .00. K.E0.1 I G TO 235 F0002710
I A,JA - K F0002720
JA * JA + I F0002730
GO TO 240 F0002732

235 IJJ8) - K F0002734
J8 * J 4 3 F0002736

240 CCNTINUE F0002740
245 CC 250 K1.2 F0002750

I - MARK4 FOO027
WEtA8il.Kl * - 813IALFAS(MI| / 811(ALFAIti)| * 1.-10 F0002770
S81EA:12:K6 CiO FOOZeO
I(TAB 3,61 I 2.E-10 F0002790

250 ScTA8I4.K) - CXO F0002800
MFt ic8 EQ0. I I GO TO S83 F0002810

255 OC 260 X-3.4 F0002820
I IAMK F0002830
eElT8l,K) • Cxo F0002640
NETAR12,K) - 5241ALFAB(Ia 822IALFAI(Il F0002850
ITA843.Ki - CXO FOOO260

260 IETA844*K) - CXI Fr..7270
I F IaC .CE. 2 1 GO TO 583 F0002880
Go O 270 F0002890

F0002900 I

1,1

-I

-Ii
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LI1403 CONWAY PHASE N4 12/31169 000109 PAGE 31
F..... - EFN SOURCE STATENEhT - IFNISI

C.....l LESS THAN 4 ALP-AS- ........ FOO02910
280 IC * 2 FOO 2920

1 0 F0002930
12 O F0002940
CC 310 I-I.1 FOO20019
TERN , CAISI - 8221ALF AII)1*6441ALFAlI4ll - 1241ALFA041)1*02 I F0002960 511 512
IFI TERN F00E029E-- G4'(0-3000 OOO2To
11 - 31 + F0002900
I A|111 , 1 F0002990
GC TO 310 P003000

300 12 • 12 1 F0003010
I 21121 , I F000302O

310 CCNTINUE F0003030
IFI 12 .E. 2 I GO TO 340 FOO03040
SF4 IF .10. 2 3 60 TO 320 F0003050
GO TO 632 F0003060

F0003070C.....1 2.4 CASE I ..... F0003060
" "320-I ,I?- IA11 ... F0003090

M*4U - F:003100
lCASE , 5 F0003110
IeI " 3 F0003120
ICa - 2 P:0003130
Il 9 9 F0003140
KI - 3F 0003150
;0 TO 360 F0003160

F0003170
C ;.I 13 CASE I F0003180

340 3*A3l - 1IA*41 F0003190
A1I) -. . ... . FO013200
ICa f I F0003210

350 ICASE . 4 F0003220
362 - 2 F0003230
L2 . 4 F0003240
K2 , 2 F0003250

360 J . IA41811 F0003260
- IAB.2). F00032?0

I.RITEI6.3701 I ALABItiICIpi-,*3 I, LABIC81. I811182,191,ALFAB(JitFOO03280
12, ALFAI, KI F0003290 547

370"FCRNATI I/I 16 4** DEGENERATE #4A6 / F0003300
* 43H CALCULATE BETAII.K) AND LI4hK) FOR K -#12, F0003310
* 414 ANOoI.1 H 261 41,4 IF F0003320

21114N ALPIHAI.1#314i -,9P2E13.5 I I I F P0003330
IFl IC6 .EQ. 3 1 LC8 - F0003340
GC TO 1 245. 255 I SCSI F0003350

F0003360
F0003370

C.....-ERC - PIEZOELECTRIC CASE..... FOOD.-- - - 33

400 IC * 3 F0003390
It - 0 F0003400
CO 430 1-1.6 F0003410
CA22 . CABSI 1224 ALFABISI I F0003420 567
IFI K IE0. 3 I GO TO 410 F0003430
IFI CA22 *GT• 117T 11 iI * 1 . F0003440
GC TO 430 F F0003450

410 IFI I .GT. I 1 (%0 TO 420 F0003460

* *

11
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LINB03 CONWAY PHASE N4 121311/69 00009 PAGE 32
F..... - EFN SOURCE STAEMENT IkhISI -

CANMIN - CA22 F0003470
JI F0003400

GC IC 430 F0003490
420 IFI CANIN .LE. CA22 I GO TO 430 F0003500

(AMIN - CA22 F0003510
J - I F0003S20

430 CCNTINUE F0003530
IF( K .EQ. 2 1 GO TO 4SO F0003540
11 - 0 FO003SSO
CC 440 1-1.3 F0003S60
IFI I .cQ. J I GO T0 440 F0003570
11 - II * I F0003580
lllll • I F0003590

440 CCNTINUE F0003600
GO TO 460 F0003610

#I0 IFI 11 .ME. 2 1 GO TO 632 F0003620
460 ICS - 3 F0003630

CC TC 350 F0003640
F00036S0
F0003660

270 IFI .hUT. I OCOIS .O. ALL I I GO TO 93 F0003670
I-IAI F0003660
112 * IA(I F0003690
113 . /A431 F0003700
114 - IA141 F0003710
WITE(,.9841 ( ALA6(IICASE). 1-1.3 1, ALFA&IIIII. ALFAB(IIZI, F0003720

ALFAB4IINh ALFAB(|I4I F0003730 611
984 FCRMATI 21hORE-UROFREO ALPfAS I . 3A6. MN I /I IP *P8E13*5 I I F0003740
983 IF BETA .OR. ALL I WRITE(6,985 I I I BETA64I.JI* F0003750

J*191.162 I 1-1.4 I F0003760 623
985 FCANAT 120OOINTERMEDIATE BETA BIWl 1 I P6E13.511 F0003770

IF IS .NE. 0I GO T 1390 F0003780
F0003790

C.....EVALUATE LITHIUM NIOSATE EOUATIUNS..... F0003600
L = LI F0003810
CC 1330 K-KI.K2 F0003620
J - IAIlX F0003830
LIlL) eETABIbiKI'ICOPLXIC:* CIII * ALF3AJI*CSS) F0003840

. SETABIZ2K)*ICMPLX O. CS6I * ALFA IJIeC451 F0003850
B * BETA8I3.K)*(ClPLX(O.. CSSI * ALFABIJIOC3SI F0003860

+ eETABI4.K)4ICPPLX0O., EIS) * ALFABIJI*E35I F0003810
EL|L*1) * eETAB(IIK)4CIPLX(O:: C141 ALFAB(J)OC451 F0003880

* + AETABI2,K IEC PLX Oo. C46) 4 ALFABIJISC441 F0003890
+ . eETAB13.K)*(CMPLXIO., C45) 4 ALFASIJ)*C34) F0003900
+ . eETABI4,K)*(CPPLXIO., E141 A *LFABIJIOE341 0003910

ELIL+2) - eETAB(I.KI)*CMPLXIO.. C131 * ALFABIJ)C351 F0003920
+ bETAB(2t.I*IC0PKXO.. C361 * ALFAB(S)JC34) F0003930
+ 8ETAB(3K)*E(CPPLX(O., C331 * ALFA8(JI*C33) F0003940

* * EETABI4,K)'ICMPLXI0.. E131 * ALFABIJIOE331 F0003950
IF IxL *EC. O) Go TO 1190 F0003960

1170 ELIL43I = £ETAB 4.K) F0003970
GO TO 1330 F0003980

1190 IF (WH *EO. 0. .ANO. KM *EQ. O GO TO 1170 F0003990
IF (WH LE. I.EIO) GO 70 1220 F0004I00
ST - EPSR F0004010
GC TO 1290 F0004020
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LIIU3 CONWAY PHASE N4 12131169 000109 PAGE 33
F... - EF SOURCE STATEMENT - IMNIS)

1220 IF INN ME. 0. .OR. K" .WE. 13 GO TO 1250 F0004030
ST O. F00004040
GC TO 1290 F0004050

1250 IF tKM .ME. 0 .0R. Mi *EQ. 0. .GA. NH *GE. I.EIOI GO TO 1260 F0004060
STaCOSHIMHIVSlISINHIMH/VSI*EPSR 691 692
CO TO 1290

1250 ST - TANHtWH/VS3 * EPSR F0004090 695
1290 ELIL+31 B SETABII.KI'ICPPLXIO., E313 * ALFA&IJIeE353 F0004100

. SETA(2.K)*ICMPLX(0., E36) 4 ALFASIJ33E341 F0004110
* . 6ETA8I3.KISICMPLX(O., E353 * ALFASJ3*E333 F0004120
* -(CMPLXIO., 1133 * ALFAIJ)*T33 * EPSOSSTI*SETAS4,KI F0004130
ELIL#31 - ELIL#3) 0 I.E*10 F0004140

1330 L - L + 4 F0004150
IF IMNETA .EQ. 31 GO TC 1340 F0004160

P0004170
C.....ZERC - PIEZCELECTRIC CASE*.... FOOO160

ELMA) * IO..0.) F0004190
EL(a) * (0.,0.l F0004200
EL(121- 40-0.1 F0004210
ELM133. IO..O. F0004220
EL(14= I)0..0.) F0004230
EL1153= IO..0.) F0004240
ELI163 - CX1 F0004250

F0004260
1340 IF( DETERM .O. ALL I MRITEI6,13351 I ELlII, I.LI,L2 I F0004270 716
1335 FORMAT I33HOINTERMEOIATE L MATRIX SY COLUMNSI/ F0004240

* IIH *IP8E13.5)l F0004290
1C51 - IcS 4 1 F0004300
GC TO I 1343, 1360. 137C. 1300 3, ICBI F0004310

1343 CC 1345 1-1.1, F0004320
1345 XELI) - EMS11 F0004330

CALL COET IXEL. 4. FVS, KEXPI F0004340 734
1350 F - FVS F0004350

FVSPAG - CASS( FVS I F0004360 736
IF (DETERM .0. ALL) WRITE 16. 1355) iS. FVS. FVSMAG F0004370 737

1355 FCRMAT (SHOVS -. E15.7, 5X. 7HFIVSf *. 2ElS*.SXSHMAG E E15.7 I F0004380
1357 RETURN F0004390
1360 FS - ELIIIeEL(73 - EL(SIOEL131 F0004400

GC TO 1350 F0004410
1370 FbS - ELI10)4ELI16l - ELII41ELI12) F0004420

GC TO 1350 F0004430
1380 1 - I F0004440

CC 1385 K-1.3 F0004450
XXEiLI.K3 - ELIJ) F0004460
XXELI2.K) - ELIJ+2) F0004470
XXEL(3.K - ELIJ*3 F0004480

1385 J * + 4 F0004490
CALL CETI XXEL. 3. FVS, KEXP I F0004500 759
CC TO 1350 F0004510

F0004520
C.EVALUATE GOLD LITHIUM NIOBATE EGLATIONS***** F0004530
1390 CD - RUA # PUA + LAMCAA F0004540

CA - MUA*OC/I.E20 F0004SSO
RVS-RHOA4VS*VS F0004560
CS -IRVS4IPUA + 003 - 2.*MUAODCI/I.E20 F0004570
CC - IRVS - 0O0*(RVS - MUAI/I.E20 FO00560

I;i
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L IP,83 CONWAY PHASE N44 12/3116q 000109 PAGE 34

P. E FoPP SCuACE SIATEMEKI IWSS

P41 CS5flT(Ck*DB -4.*CAODCI F0004590 762
ALFAA4I) - CSCOT(I-DO F PSMOCA 4 0#11 F0004600 163
ALPAAfil - -ALPAAII F) 0004610
ALFAA431 - CSCTII-08 - VSI/f0A * CAl) F0004620 764
ALFAAM4 - -ALPAA431 F0004630
bLFAA4I - CSCRkTICNPLXIMKUA - RIbS/MA, 0.1) F0004640 165
ALFAA461 - -ALFAAIS) F0004650
IPE ALPHA .CA. ALL I IRITE16.15O51 I ALPAAMl. 1-1,6 P 0004660 766

150 FCOMAT 421MOIKTERNEDIATE ALPHA AMIuN , I&EI3.511 P0004670
CC 1550 K 1 . 4 F0004680
eETA(1,) *CMPLX(0., -LANDAA - MUAI*ALFAA4KU/ F0004690

4iNUA*ALFAAIKI*ALFAAIKI - 00 + RVS)*1.E1O) F0004700
8eTAA42.Ki M .. 1 F0004710

1550 8ETPA(3) I 1.E-10.0.1 P0004720
BETOA2.51 I* -10,0.1 F0004730
BETAA12.6) I 1.E-10,0.1 F0004740
GETAA3.51 (0..)~ F0004750
eET&A13.61 M E...) F0004760
MP BETA .00. AL.L I WAITE(6,15951 I I BIETAAII.Jlt 1-1.3 1, J3=1,6 OF0004770

41RETWAI.J1. I - 1, 3). J3 - 1, 6) F0004780 7116
1595 FCPI'AT 431hOlNTEAMECIATE BETA A BY COLUISNS//11 * 16E13.5)) P0004790

CC 1620 J3 - 1. 6 F0004800
CC 1620 1 - 1. 3 F0004510

1620 ELLEI.J1 BETAAtIJI F0004820
CO 1650 13 - 7, 10 F0004830
CO 1650 I - 1. 3 F0004840

1650 ELL41.J) -G-ETAB(1,J-61 F0004850
CC 1740 J3 1. 6 F0004860

ELLE4.Ji B ETAAII.jl*ALFAAtJl*MUA +C1NPLXIO..MUAIOBETAAt3,J) F0004870[
ELL(S..3) § ETAAf2..3)*ALPAA(.Jl*MUA F0004880
ELLE6.Ji CMPLXI0.,LAMOAAI'WETAAI1,j) # 8ETAA(3,JI*ALPAAIJ)*00 F0004890
P41 * CEXPIALFAAIJ)W41414SI F0004900 $43
ELLI7J.) - ELL14.JIOFVS F0004910
ELLI&.J) - ELL45.J)*PVS F0004920
ELL49,.J) - ELL16,JISPVS F0004930

1740 ELL(I.J)- I0..0.I F0004940
CO 1910 .3 - 7. 10 F00049S0
I - IA(.3-61 F0004060
ELL44..3I --SETABII..3-6)*(CMPLX(0.. CM5 + ALFABIIISC551 F0004970

* - 0ETAB(2,J-61SECMPLX(O., C561 + ALPABEII'C451 F0004960
* - 8ETAB13.J-6)*fCMPLXI0., C5S) + ALFABII)*C350 F0004990
* - BETA814.J-6)*ICMPLX(0., P15) + ALPAS(1)*E351 P0005000

ELL15.3) -l-ETABII..3-6)*fCMPLXIO., C141 + ALFABU)*45) P0005010
6 ETAB12,J-61*(CMPLXfO., C461 * ALFABIIIOC441 F0005020

* - BTAB)3.3-6)ICMPLXK(0. CAS) * ALFABIII1,*C341 F0005030

* EAB 4.-;Is 4CMPLKEO. 14) * LFABII),E341 P0005040

EL 46 J - ETA (3..361 SCMPLXO.. C135 * ALFAB I)*C31 F00050 0

* -8fTA8(4,.3-6)*ICMPLXIO., EM) ALFAMM)*331 F0005080
ELL(7..) - 40..0.l F0005090
ELL48,J) - (0..0.) F0005100
ELL19.Ji - (0..0.) F0005110

1910 ELLIIO,Jl= SETABE4,J-61 P0005120
CO 1915 S 1. 3F0005130I
00 1915 .5 1. 10 P0005140
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L 1903 CONMAY PHASE N4 12/31/9 000109 PAGE 35
F. . - EF SOUACE STATENET IFhIS -

1915 LLI.J|I ELLII.JI)*.EIO F00SISO
|Ff OkTEN .OR. ALL I WR|TE4O,19301 (I ELLIZ..Ji, J-1910 1. |lO,101FOO05160

£IELL(1iJil . * 1I1 | 0 FOOO, 00005170 90S
1930 FCANAT Ei7Hi"' L NAARIX *S'1 l/ H 1PIEIS.611 F0005180

CO 1940 T1.100 F0005190
1940 XELII) - LLI.11 FOODSO0

CALL COET "fXEL,O1. FVS. REXP) F0005210 933GO TO 1350 F0005220
F0005230

C;;;;,E:ROR IN MATRIX II.VERSION ..... F0005240
I96 bTE (A, I50 F0005250 925

1170 FORM#AT l30h0***SMGULAANATRIX IN BETAS*) F0005260
GO TO 1350 F0005270
END F0005280

II
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L I N83 CONbAy PHASE N412131/6S 000109 PAGE 36

SIBFYC STRIP. (CC

(STRIP * APRAY OF COhOUCIIN. STRIPS OVER PIEZOELECTRIC MEDIUM *STSRPOOZ20
COGV012 STRPOO30

CoG.V. ROBERTS STRPOD40
Ce 03.15.bS STRPOOSO

~~ STRPo060
SUdRRUTINE STRIP IA, VS, RHO. ALL. COEFFI STRPO0lO

CC9PCh IUTZI WL2CI,CE(I7J.CT(I) STRPOOSO
(MCH IFLAI./ ONCE STRPO 100

CCMFLEX A191. ZERC, (NE. JIINAG SORPOlXO
REAL CNESIS), CA14.41, CS(4S.I. CC14,4I STRP0120
IFTECEA P S TRP0 130

LCGICAL ALL. COEFF, CNCE STRP0140

ECUIVALENCE ICCCII, CIll. (CIZI C131. (CCIII. C14). ICC14I.CI51.STRP0150
4 CC(5). C331. (CCCII, C341. ICCI71. C351. (CCISIC361,STRP016O

*ICC191. C441, 4CC(ICI.C45). (CCIIII.C461. STAPOITO

*(CC412),C55). ICC(13).C56). 4CC(141,C661, STRPOISO
*(C(I15).C161. (CEIlI. E111, (CEIZI. E131. STRP0190

I CEC31. E141. ((144. E151. ICE45). 161. STRP0200

I CECbl, E311. (CCII). E331. iCEESI. E341. STRP0210
*(CEISI, E351. (CE(IGIE361. IMI. 7111. STRP0220

*ICTIZI. T131. ICT(31. T331 STRP0230
STAP0240

CATA TPI. lEkO. ChE, ONES, JIPAG / 6.2831853. (0-.1,~l I1.,0.I.STRPOZSO
I. -I...... 1. -I .. (0..t.1 STRP0260

STRP0270

C..Sfr UP MATRICES... STRP0280
IF I.NOT. CNCEI GO TO 670 STRP0290
(NCE - FALSE. STRP0300
CA11.11 - C5S STRP0310

CAII.21 - C45 STRP0320
(AI2.1) - C45 STRP0330

(I.3) - C35 STRP0340

(4(3,11 - C35 STRP0350

CR11.41 - E35 STRP0360

CA(4.1) - E35 STRP03?O
CA12.2) - C44 STqPO38O

CA12,31 - C34 STRP0 390

CA13.21 - C34 STRP0400
CA42.41 - E34 STRP0410

(4(4.2) - E34 STRP0420
(*13.31 - C33 STRP0430

CA13,41 - E33 STRP0440

CA(4.31 - E33 STRP0450

EAI'..41 - -T33 SIRP0460

(8(1,11 - C15 + CIS STRP04?0

C((12) - C14 # C56 STAPO460

C'(.1 * 8(, 
STAPO49O

(I8'131 *(13'- C15 STARP0500

C843.11 CO((1,31 STRPOSIO
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L ID0 C O URCE PHS M 12/31/69 000109 PAGE 3?

(11.3) - CIS + E3 S.5SZ
C813.11 - C812.3) STAP0530
£842:2: C4 +l' C4E6 STAPO0lO ]
cSE 2) 3 C C4.' STRP058
CB43.') 21 C35 .2:3 STRP0560
C842.) 1 14 * E36 STP050
C1144.3 21 C032.41 STRP05I
CeR3'.) 3: 13 1 STRPO62O0

COel.? 4 E35 STAP0600
COIZ.1 C16+4 STRP061.0
CCI 1.33 -I -C T13 STRP0620
COII.1 -CIS STRP0630

Coll.'. 41 -Ell STRP03670
C04'.11) -Ell bTftP0680
CC(2.31 -- C56 STRP0690
CCI 3,2) -C56 STRPOOO
CO(2.41 -Elf: STRPO7IO
C044.21) - -E16 STRPOT20
CC13.41 - -E15 STRPO?30

COg'.,4 4 Ti ST PO?S0
ST:00760

C.P ) OwST P0770
670 0 68011. 9STRPOTBO

680 AMl - ZERO STRPO?90
STRPOBOO

C...PREFPAAE FOR GAMMAMtd LOOP... STRPOSIO

0 GAP, - RH0*VS*VS STRPOSZO
ClI: 1,13 : OR ClI STRPOR3O :
CI ,2 : ROAN C66 ST POW'.
C043 33 - RGAM - C55 StRposso

STRPOS60
C..CCMPUTE COEFFICIENTS OF EIGHT CEGREE PCLYNOMIAL... STRPO6?0

P * 0 STR POSSO
CC 1030 J :1:4 STRPOS90
CC 1020 K 1 4. STRP0900
IF 4K .E0. J1) G0 TO 1020 STRP0910
CC 1010 L - 1. 4 STRP0920

F IL .E0. K .0K L .EQ. J) GO TO 1010 STRP0930
P*1 ;OR L STRP0940O

v.P + ST RP0950
F(P *.5)P*2ST:PO960
II I CA1J)*CSI2,K) + Cal 1:J;*CA:2::: ST PO97

2*CI.J)*C012,K) ; CB(1,J)'CSI2.K C011.J)*CAIZKI sfkpu9eo
T3 ell1.)CO2K C COIJ*B2#K) STRPO99O

ZI CAII.J1SCAf2.K)*CAI3.L1 1CA3L STRPIOIO

IN T3*C013.L) *COII,J)*CD42.IC)*CSI3,L) STRPIOSO
IN - CO(II)CO12.K1*C013,L) STRP1060
IS CA1l') STRP10TO
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L~h803 CONWAY PHIASE N4. 12131/6q 000109 PAGE 38
STRIP. - EFN SOURCE STATEPE.T IFNIS)

ILI CB14:P) STAPIOSO
Z C064 . STRP1090

Ail) All6) # ONES(P)-*2S 51*11100

AM2 A,, *62 CNESIPlIEZHSzu4 ZISZSl* STRPIIlO I
A43) , A 3) # ONES P 46ZHSZV - *IZU 4 JSZSl ST P112 0
AM) AM'. + ONES(P)*6I*ZV 4ZJ*ZU 4 ZKSZS) STRP1130

211) A(S) * ONESC (1)6 JOZV - K*Z + ZL*ZSI STRP0140
A6 £6 * ONES P14 ZK ZV Z ZLZU * I NZS) STRP1150
AM7 AM £47 * OESIPI*IZL*jV - ZNSZu # ZNPZSI STAP1160

SI) AS)* NE(P'ZNOZV 4 ZNt*LUI STRPIlTO
I69 + 69 ONES Pl4tZ STN*S

1010 CCNTEF4UE STAP1190
1020 CCNTINUE STAP120oo
1030 CCNTINUE STAP1210

DC IC35 I - 2. 8. 2 STRP1220
1035 *6!) = ,J1NAG*AII) STRP1230

IFIL OR . C(1FF) WRITE t6. 1050) (Ail), 1 1, 51 573(11240 99
1050 FORMAT I2TIOCOFFFICIENTS OF POLYNOMIAL(16 2118.7)) STRP1250

S7*1 260
C..NCR)4ALIZE COEFFICIENTS TO LARGEST VALUE... STRP12?O

ANORN -CABSIAI STRP1260 IC0
CC 1155 1 - 2. 9 STRP1290 ]

1155 ANCAI - A1AXI IANOR0M.CASJS(AlI 1111STA1300 113
CO 1157 I - 1. 9 STAP1310
Ail) - AfiI/ANORN STRP13ei,
IF (CAS(AII) *LT. I.E-6) AM) - ZERO STRP1330 122

1157, CC "I INUE IT411340
I F 4ALL .OR. COEFF1 WRITE (6. 1050) IMl), I t 91 9) T'P350 129
RETURN STAP1360
EKO STall 370
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LIN11O3 CONWjAY PHASE N4 12/31/69 000109 PAGE 39

SIJIFTC CROO7. DECK

CCOOOT CROO020
Ce CR007 CALCJLAIS THE ROCTS OF AN EIGHITH DEGREE POLYNOM4IAL CR00T030

SUBROUTINE CR007 IA. XO. KODE. X1 CR00T040
CCMPCN /CRCER/ C, K. " CR007050
CCMPLEK A(91. C1. MOle). X4111. XI.AOUND. CXO CR007060
EXTERNAL POL CR007070
EATA cxo/I0.Od CR007075

CR007060
I. CR007090

CC 100 1 - 1. 9 CR007100
100 CIII - Ail) CR007110

110 If ICABSIC(I)I.NE. 0.1 GO T0 130 CROOTIZO 12

RIM) - (0-.1. CR00?T130
9. - K+ CR00T140
IF (K .G7. 3) GO T0 260 CR00? 150

0-10 - K CR00T160
CO 120 1 - 1, K CR007170

120 CiII - CfI 141 CR00? 160

Gc t0 110 CR007190
CRff)? 20

C... COaM PU TE K-TI- ROO T ... CRLud7ZlO
130 xI - t.5-.51 CR007220

IF (MOE .E. 01 X1 - XO(MI CR007730

C.l. - INTIAL GUESS. UISE MULLERS PETHOD IC REFINE IT ... CR00T250
P 10 - K CR007260
CALL MULLER IPOL. XI, 20. I.E-a, JUNK, XIMI, NI CR007270 36
Xl - 4.5. -.51 CR007260
IF IN .GE. 20) CALL MULLER IPOL, XI, 20, I.E-8, JUhK, XIMI, NJ CR007290 40
XIMI - ROUNCIXIKII CR007300 43

V - - ICR00T310
IF (K .GT. I) Go 76 AD CR007T320

CR00T330
C ... R A 0 U C f C 0 E F F I C I E N T S... CR007340

00 240 1 - 2. M CR007350 (
240 CIII - CiII + MIK-1JOCI I-Il CR007360

IF IK NME. 81 60.70 130 CR007370
IF ICABSICIlII .NE. 0.) GO TO) 250 CR007380 62
X(81 CMO CR00T:90
GC T0 280 CR007400

250 JIM) - -CIZI/Cill CR007410
xIs) - ROUNDI X1I) I CR007415

-CR007420
C..EMXI .- CRO~tr430 611

280 00 2S0 I - 1. 8 CR00T440
290 MCIII = MII CR00T450

R(CDE *I CROOT460
RETURN CR00T470

END CR007460
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L INS(J3 CONW~AY PHdASE N4 12/31/6S. 000109 PAGE 40

IISITC PULER. DECK

CMULLER HOS'MLLERS METHdOD FOR RCOT FINCING 0*4* MIJLER020

Co MULER030

Co 0424.68MULEROSO

CEPPLEX F. X. X0. Ill. X2. X3. H2. L, 2. 0G. FX, FI, FX2, 0. MfAE 090
TWO. ONE, ,GPO, OGRO. L3. FX3. HI MULER100

EATA TC. ONE / 002,0.1. (0.01.0.1 1 MULER110
M4JAER 120

FX - F4104 NULEM130 2
X2 -1 XO PLER140
I'COE -0 RULER 150
IF (CA8541) EC0. 0.) GO TO 190 MULER160 4
FX1 F(I.C2*XOI MULERITO 6
FX2 P41.01*X04 MULERISO 9
H2 -0.01*10 MULER190
GC TO 220 MULE4200

190 FXI - FiTmOl MULER210 12
FX2 - F401.1) MULER22O 13
1-2 - -0.01 PKIL ER230

220 L2 - -0.50 MCI~. k24 0
02 - 0.50 PtLCA250

MU..E 26 0
C ... MI ITERATIONS ... MULEA27 0

CC 540 K - 1. MAX -. ULERAPSO
h. -K IRULER290
G - FX*L2*L2 - FXI4OZ*D2 F X20IL2 * 2) NULEM30C
CALL GVE4C
C - CSORT (GAG - 4.*FX2*O2AL2*IFXOL2 - FX1*02 * P1) MULEA31O
GPO - G C MUJLE0320
CPO - G 0 MULER33O
CGPC - CAdS4 GPO) PULE4340 22
CGME - CABSIGMOI MOULER350 23
1 F ICGPO .GT. CGMO) G0 TO 360 04ULER360
IF (CGMO EQ0. 0.4 (,0 TO 580 MULER370
L 3 -- 2.*FX2*2/GMO MULES 360
GC TO 370 MULEA390

360 IF I(LPO EC. 0.) GO TO 580 MULE9400
(3 - -2.API2*02/GPO MULE4410

370 X3 - X2 +L3*I.2 MUL ER420
FX3 - F(X1 MULER432' 35
IF (CAOS(X14 .80. 0.4 G0 TO 420 MULE44O0 36
IF (CAMIX)1 - 2)/X2) G07. EPSLON) GO TO 450 MULER450 40
CALL OVERCK 44

390 X X 3 MM E0460
GG TO 570 M4ULER470

420 IF (CAS(PFX1 .LE. EPSLCN) GO 70 390 MULER4SO
MULER49O
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IDET=4-

OP =-2)- *

JP=2

13X1=122(0-)lL 44(x1) -A24(ca19

BMIN=BIX(1)

1I~k IA22 (ak) * A4 4(c) -A24 V

(k=2, 4)

1=1 if=)o

(k=, 4)

_ _ _ 
1'3
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LIND03 CONNAY PHASE N4 12/31/6% 000109 PAGE 4t
NULEA. - EFN SOURCE STATEMENM IMt~S)-

C. .NCT CCNVERGEWI YET... MULERSOO 48
450 FX - FXI MULERSID

FRI - FX2 NULEMSZO
FXZ - FR3 MULER530
I XI MULER5'40
XI - X2 MULEASSO
X2 - X3 NULERS60
1-1 - M42 MULER570
1-2 X 2 - Xi MIJLERSBO
L2 *1.2/HI PULERS90

S40 02 - 1. + L2 MULER600
xCot- 2 PULER610
x .x M2 ULER6ZO

570 PETIJRI MULE0630
5a0 X - X2 NUI.ER640

GC TO 570 MULER650
END MfULER660

1



L INdS3 CCNWAV PHASE N4 12/31/65 000109 PAGE -42

SEIFTC PCL... DECK

CPCL P0X00020
CCMPLEX FIbCT ION P01. Mx P01L00030
CCMPCt */ORDER/ C. Re N P01.00040
CCMPLEX T. Cill. X P04.00050
PCL : 0.. PO01.00
T 01.C.I P000n5 * POL000
CO 100 1 - 1. N P01.00090
PCI. ' P08.4 CIJIKI P01.00100
CALL CVkkCK7

100 8 *- P01.00120
P ETUPPI P01L00130
ENDO P01L00140
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I I N03 CONWAY PHASE N412/31/69 000109 PAGE 43

SISFIC TFIJN.. DECK

CIFUN TFUN0020
CC14PLEX FUftCTIOk TFUN IETA. IsXT, Cl. C2. C3. C4, CS. C6. C7, CS' TFUN40030
CCX"ON /IN~tK/ JUkKI(Z441. ALFAM41.. JW4K24361* OETAS(4,41, TFUN0040

JUNK3188(. VS. JUN5411?1 TFUH00S0
IdIA / IA141 TFUN0060

CCNPLEX ALFAS, ScTA~, ETA44 TS)O?
TFUN400TO

(UG ETAhK.CI.C?,C3,CS.CS.C6.C7,CI
ccUso K . 1. 4 TFtJNOI00

I * *K) IFUN0110

CEBU: TFUN
SC' TFIJH TFUN * 9TAIK10( TFUN0120

$ ETASfI.KJ*(CPPLX(O.,CIl * ALFAS(I)*C2)/%.S TFUNO 130
* ETA&(2.KICPPLX(0..Cs) * ALFAB(I*CSI'. TFUN014.0

* -BETAI(I,K)ICPPLXIo.@C53 + ALFAB(Z)'C6)/%.S TFUN0150O
B ETASIS.KI*(CPPLX,0.,;C7?I *ALFAB(I'cS)/eS I TFUN0160

*B TU _CEXPI-ADAS()Oei/VS TFU No170 1?

ETUGN TFUU0P4

NHo TFUN0190
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LIhBO3 CONWAY PHASE P44 12/31/6 0001.01 PAGE 44

$SFTC PIFLNd. DECK

CPIFUIN FIFUN020
CCDIPLEX FUNCTION PIFI*N EETA, Cl. C2. C3, C4, CS. C6, C7, PIFUN030

C8. C9, CIO. ClI. CL?. C13, C14., CIS. PIFIJNOkC
C16# CIT. CIS. C19. C2C, C21. C22. C23. PZPUNOSO
C241 PIFUN6UJ

C(NNCN I4INK/ JUNKI(244). ALFA6141, JUhK2(361. OETAS14,41, PIFUNO7O
JU7K34ZAI /BEIAh/ PIBETA PIFUNOSO

/IA fIA ZAC PIFUN090
CCMPLEA ALFAS. SEIAs ETAMA. J PIFUNIOO
DATA j / (0-.)I PZFuNII 0

PlFUN120
FK4 - NBETA # I PIFUN130
PIFUN - (0..0.) PIFUN140
OC 230 1 - 1. 4, PIFUNISO
I. - JAM PIFUN160
CC 230 K - 1. NA'. PiFUNIC
p - JAMK PiFUNISO
PiFUN-PZFUN + IETAEICONiGIETAMMI/ALFABILI *CaNJGIALFASIMI)I PIFUN190
* *ICONJCIBETA511,K)1SEAETASII,1I*Ii - JOCZ*ALFASILI) PIFUN200

+ 4 ETA042.11*IC0 - J*ALFABILI*C4) PIFUN210
* BETAS(3.11*ICS - J*ALFA84LI*C61 PIFUN220
* 4 mETAB(4.Wf~C7 - JOALFAASMS& PIFUN230

* * (.NJGIAETA81Z.KII*ISETAB~i.1P44C9 - J*ALFABILIOCIO) PIFUN240
* 4BEABZ.ISII1 -JALFAEILISCZ2 I PlFUN250
* 4 ETAS(3 f*C13 -JOALFAB LISC141 PIFU 260

* 4 SETA81414,IIS JOALFABILI*CI611 PIFUN270
+ 4CONJC(ETABE3,l~ih'ETAB~iIbe(CI7 J*AIFAEltI*CI8I PIFUN280
# b ETA812,IhegCI9 - JOALFABIL)OC201 PIFUN290
4 * ETABE3,110ICi - J*ALFASILl*C221 PIFUN300
# 8 EtA0(4,hI*(C23 - JOAIFASELIOC24)11 PIFUN310

230 CCNTImJE PIFUN320
FIFUd *PIFUNI2. PIFUN330
PETIJEN PIFUN34.0
ENO PIFUN350
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L INS03 C0FKNAY PHASE N44 12/32/bS 000109 PAGE 45

ii .u::9FC COE.. DECK ~00

S U B I C U T L N OI E C E -1 - 8C E O O

CATA P113.14159265/ 0002
CIPENS.ON Alk.14I.S421 00
CCe4Pi.EX A.F.6 0004
fQUIVALENCE 1S.PHlSI,'S12l,SUM1 0005
ALa 62'Xl-ALCGfK)/ALCGI2.1 2 3
;,.k - 1. 0006

6 CC 15 1-2.04 0007
11-1-1 0005
CC 1s j-.1 0009

A IFIREAL (A('I.J)).EG.0..ANiD.AINAGEAIZ.Jbi.EQ.0.I GG TO 15 0010

9 IF :REAL (CABS(Atj.JllI - REAL(CASSIAlIJ)III 11.10,10 0011 20 22
11 cC2 K.JN 0012

a . A(J.Kl 0013
AIJ.Kl.AII.K) 0014

12 A(I.Ki 6 0015
SN*-SG4 0016

1 F SIAFA6L(AII, jI3.EC.0..AF4O.AIMAGIAII.JUI.EQ.0.I GO TO 15 0017
10 S " AI . iIA.1 0015

Jj* .+1 0019
CC 14 L. J.N 0020

14 AlI,L) - A(I.Ll - e*AlJL) 0021
is CLNTINUE 0022
16 SUMNfl. 0023

FNI=0. 002t,
oc 20 '...0025 i
IF RE LIAII,LuI.EQO0..AkD.AIMIG(A(l,iII.EQ.0.I GO TO 18 02
sun - SUM * AL06B21REALICABSIA1I,l)1I 0027 63

20 FHI-P141,4TAN2tAII4A6IA(l.llI, REAL(Al(.iIIIPI 0025 67
SUM S UN:;101029996 0029
Pill : PI* 1 0030
F-CPPLXlCOSIl'I.1hS1N4PH1I I 0031 70 71
S AbS:SUM I - 37 0032

tFt.E.. O TO 100 0033
p sicN(.~ssup 0034
F - F'10.**(SLKM-FLOAI(NII 0035 76
GC 7C 200 0036

100 p .O 0037
F F *10. 'Um 0035 50

200 RFIU.G.. ETURN 009
F - -F 0040
PETLON 0041

15 P.O0042

%7I0,0.. 0043

I ETUFN 0044

END 004



LIN K)3 CONWAY P IN4 12/31/6S 000109 PAGE 41

SAFTC CPATS. OC9

CCMATS S1u8PCUTlNE CMATS 6-12-6G CHATS020
C SOLUTICh OF COPPLEX LINEAR EQUATICNS C14ATS030

SUBROUTINE CHATSiA.X,N1.NIltN CKATSO40
OIPEP.SION AthI.50).X(NI.N411 CHATSO5

CCOPLEX A,X,R CHATS060
P= PI CMATS070
A-NI CHATS08O
IF 41 VS'.M9.5 CMATS090

5 KPI- ti- I CHATSIOO
IF It.HNN 195.160.6 CHATS 110

6 Pp-A#H CHATS 120
1N - I CHATS130
CC 155 1-2.h CHATS140
EC15 J-1.11 CNATSiSO

If (REALIA(IJNi EQ0. 0. *AND. AINAGIAIIJil .E&. 0.1 GO TO 15 CHATS160
IF ( CASlSIA(J..N)) - CASSIAIN.Jill 11010,10 CKATSI?0 22 24

11 CC 12 K-J.PP CKAT'180
A - A(J.AI CHAI$190
LII ,K A4 N.00 CMATS200

12 AlI.Ki - R CRATS210
IF IREALWIt.Jif .EQ. 0. *AND. AIMAGEAII.Jlt EQ0. 0.) GO TO IS CHATS220

10 P - -A(I.JI/A4J.J) CHATS230
JJ - .j 4 1 CMATS240

CC' AJJ*PP CMATS250
14 a 1.K""- Ail ..$ + R*AIJ,K) CHATS260

i14l.jl - 40-0.) CHATS2?0
15 CCNTINUE CMATS28O

155 II ;= 1.. C14A T20
160 DC16 -. CIOATS300
166 If IREALIAIN.NIl E.10.. *AND. AINAGMAI.II) E1G. 0.3 RETURN 1 CHATS310

CC 28 J-.M CMATS320
KK-h*J CHATS330
X(N.J)-A(N.VKKl/! 4NN) NCHA rs34o
NP *h11 207.2 .Z67 CHAI b150

287 J,-N CHA 1S360
C 289 1-2.N CHITS5370

NI~~C =JCHTS38O

JJ - ji - I CMATS390
p . 40.,0.) CMATS400
DO 25 K-IN.N CMATS41O

2S P . +t I AIJ.dI*XE.JI C4A TS420
289 XI.NJ.Ji ( AIJJ.KKI RIAIJJ.JJI) CHATS430
28 CCNTINUE CHATS4.40

RETURPN CMATS450
199 P1TLAN I CMATS460

END CHATS470



LI0 C:;y PHASE N4 12/31/69 000109 PAGE 4

JIFTC &VRADi 01CM

SIICUTINE OVERCK

ECUIVALENCE IIANO.XAhDl
CC~HsC~E MoukTS I$
CATA *ASK/CC00Oooo?7777/

4 MC.0

XANCOANINAS.,OUNT( 11))
MINTFPT.IANO,239

KhT1.MNTSAV/32?68

Kt.T2-KN1SAV-327hg.MN11
IFS MNT2.LE.I IPETURN
NCUhTIKNTFPTI.32764AYNTI~l

KC-1
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